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PREFACE 
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MLIE BETROEGRAPEIY OES REIK 
KARROO DOLERITE SILL AND DYKE AT 
PAARDEKOP, district VOLKSRUST 


By 


MT DE SWARDT] Boe, and I.J. MURRAY, Da 


ABSTRACT 


The petrography of a dyke and a slightly diferentiated sill intrusive 
in the Karroo sediments at Paardekop, Boterfontein, district Volksrust 
is described. 'The sill consists of typical Karroo dolerite. Besides 
plagioclase, pyroxene and titaniferous iron ore, olivine is encountered 
at all levels, although its amount varies at different horizons. 
At least three generations of pyroxene can be distinguished and 
plagioclase exhibits pronounced zonal structures. Marked textural and 
mineralogical variations obtain at different horizons and two analyses 
also indicate a slight variation in the chemical composition of the 
rock at the 110 and 240 foot levels. 'The presence of two fairly general 
and consistent petrographic anomalies in the vicinity of the 100 and 
230 foot levels respectively may represent the junctions between three 
successive and approximately synchronous but superimposed surges of 
magma during the emplacement of the sill Each magma heave 
appears to have undergone a limited degree of gravitational differen- 
tiation prior to the emplacement of the next infiux of magma. A 
brief account of the petrography of the dyke and one chemical 
analysis of this intrusion is included. 
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1. INTRODUCTION 


Several years ago Dr. L. G. Boardman of the Geological Survey collected 
a suite of specimens of the Paardekop dolerite sill on the farm Boterfontein, 
district Volksrust. These samples were taken at vertical intervals ranging from 
fifteen to fifty feet over a total vertical height of approximately 995 feet from 
the base to the summit of the sill. In addition this collection included one 
sample of a dolerite dyke intrusive in the sill. These specimens were presented 
to Dr. D. L. Scholtz at whose suggestion L. J. Murray commenced the 
petrographic investigation early in 1939. An appointment interrupted his 
investigation and the completion of the research was entrusted to the writer. 
At this stage L. J. Murray had determined a part of the composition and twinning 
relationships of the plagioclase, integrated several sections and partially 
completed the chemical analyses. 

The author wishes to thank Dr. Boardman for the use of his specimens 
and Dr. Scholtz for his constant guidance and the unfailing interest he displayed 
during the progress of the research. 


II. THE PETROGRAPHY OF THE SILL 


Megascopically the Karroo dolerite is a medium- to finegrained rock 
Ccharacterized by small, easily discernible feldspar laths contrasted in a dark 
or greenish-gray groundmass. As is typical of most Karroo dolerites, the rock 
is remarkable for its freshness, and alteration effects can only be recognized 
under the microscope. Weathered surfaces display a characteristic reddish- 
brown colouration. Near the base of the sill the rock is dark and exceedingly 
fine-grained, and the colour becomes greenish-gray. At 45 and 300 feet from 
the base, the rock attains its coarsest modifications, and the grain size decreases 
in both directions from these levels. In the upper levels white feldspar patches 
can be opbserved, and these are presumably the mosaic feldspar accumulations 
which will be discussed more fully later: 

Microscopically the rock is found to consist of plagioclase, pyroxene, olivine, 
iron ore, bowlingite, serpentine, chlorite, duartz, saussurite, sericite and small 
amounts of alkali feldspar. Exceedingly small amounts of calcite and apatite 
are also occasionally observed. 

The Feldspars. Plagioclase is the principal essential constituent, and the 
mineral constitutes from 46 to 63 percent by volume of the rock examined. 
In the lowest horizons that have been investigated the volume percentage 
of plagioclase attains its lowest value but as this zone is left a gradual increase 
in grain size becomes apparent, and is accompanied by an analogous increase 
in the volumetric proportions of feldspar. A glance at the curve representing 
the variation in plagioclase content, plotted against the height above the base, 
will suffice to disclose two subsidiary depressions and three peaks (Fig. 1 (b)). 
The curve representing the grain size (Fig. 1 (b)) reveals that the plagioclase 
crystals attain their mazimum dimensions at two horizons. 
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Fig. 1. Diagrammatic representation of the mineralogical variation with height in the Paardekop sil]. 


(8) Volume percentage of olivine. (Small black centred ecircles.) 
| Volume percentage of ore. (Large black centred ecircles.) 
l Percentage fayalite in olivine, (Large white centred circles.) 
2Va of olivine. (Small white centred ecircles.) 
(b) Volume percentage of plagioclase. (Large black centred ecircles.) 
Volume percentage of pyroxene. (Large white centred circles.) 
Volume percentage of feldspar clusters x 3. (Small white centred ecircles.) 
Size of plagioclase crystals in mm. Xx 10. (Small black centred circles.) 


(ce) j Volume percentage of augite. (Small white centred ecircles.) 
Volume percentage of pigeonite. (Small black centred ecircles.) 
| Volume percentage of 2nd generation augite. (Small divided circles.) 
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The plagioclase predominantly occurs as Well-developed lath-shaped crystals 
With sharp and well-defined edges. These crystals are elongated parallel to 
the vertical crystallographic axis and this tendency is further enhanced by the 
prevalence of polysynthetic twinning on (010). Cleavages are rare, and when 
present they are usually ill-defined. 'The most prominent crystallographic 
directions determined with the Federov Universal stage are (010), (001), (100) 
and (110). 


A microscopic examination of the rock reveals the presence of three 
distinct types of plagioclase. 


One type never attains large dimensions and will be referred to as 
microlites. This type of feldspar generally exhibits very little zonal effects 
and the variation in anorthite content from core to margin is often insignificant. 
Their composition is remarkably constant, averaging about 65 percent anorthite, 
and they are almost invariably enveloped by pyroxene in an ophitic manner. 

The second type is characterized by marked zonal phenomena and the 
relatively larger development of the individual erystals. Some crystals of this 
type attain large dimensions and can be referred to as phenocrysts, but a 
general designation as such for this type is undesirable owing to the fact that 
a considerable range in size is apparent. 'The cores of the larger crystals 
afford interesting examples of resorption and repair as well as rhythmic 
euhedral zoning. 'These zones, however, are rare and extremely narrow. In 
the outer portions the normal gradational Zzoning, so characteristic of the 
feldspar series, is encountered, the most acid portions forming the outer margin. 
The composition of the resorbed cores are remarkably constant throughout the 
sill, the variation being limited from 50 to 538 percent anorthite. 'The resorption 
is marked and minute inclusions are almost invariably the only remnants of 
the early plagioclase. 'The zone of any particular crystal in which such a 
core is embedded has an anorthite content varying between 75 and 83 percent 
whereas the outer margin is generally of the same composition as the resorbed 
core although lower values may be attained (Ab,,An,,). 

Many plagioclase erystals exhibiting no signs of resorption may be tentatively 
assumed to belong to this type since they appear to conform in all other 
respects to its zonal relations. Here the original relatively acid cores were 
probably completely resorbed. Most of the smaller feldspar crystals not 
ophitically included in the pyroxene seem to represent later members in the 
Crystallisation seguence at this stage. They may have crystallised about 
independent nuclei and initiated their growth when the relatively acid cores 
had ceased to exercise any influence on magmatic eduilibrium. In figure 2 
a sketch of a plagioclase cerystal exhibiting resorption and repair is given. 

The tendency to include fragments of augite in sub-poikilitice fashion is 
also peculiar to this type, a phenomenon which is more conspicuous in the 
upper levels of the sill where the dolerite approaches an intergranular texture. 
'The distribution of these inclusions in the vicinity of the resorbed plagioclase 
cores is suggestive of their incorporation soon after the initiation of resorption. 

The third type of feldspar is less abundant than either of the above- 
mentioned types but its peculiar form and distribution is of particular interest. 
It occurs as isolated patches in the rock which consist of close-knit aggregations 
of rounded feldspar grains locally simulating a mosaic texture. The composition 
Of these feldspar clusters is remarkable in that it averages about AD,Ans 
and they may occasionally consist of practically pure anorthite. The individual 
crystals comprising these spherical feldspathic aggregates possess characteristic 


“ee eseeAlteration Product 
of Flagioclase 


Fig. 2. Plagioclase crystal exhibiting resorption and repair 
and showing the association between the resorbed plagioclase 
cores and the included augite. 


rounded margins and are normally zoned, the margins averaging about 70 
percent anorthite. The volume percentage was measured by means of a grid 
and the results are graphically represented in figure 1 (b). Tt is noteworthy 
that two peaks occur at the height of 125 and 285 feet in the sill. 

Approximately one hundred arbitrary selected Dplagioclase @grains were 
investigated in order to obtain an idea of the relative freduency of the various 
twinning laws. (See Table I.) 


TABLE I 
Twinning Law Number of Twins 
Alpite EE EE ENE. So ED 
Garisbad ER ER sl Ad IS SG 
Roe ToUrRELE EA EE Ke EG ed AR 5 
Acline sak oh Ba ER TEM oe VEE OD 5 
Pericline RIES MA EL PRE MAA 4 
Baveno RE MA ET AREAE ME HALE 4 
Manebach 3 
Ala dl 
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No relation between the anorthite content of the feldspar and the twinning 
law could be deduced and approzimately half the number of crystals examined 
were twinned according to the albite, followed in order by the Carlsbad, Roc 
Tourne, Acline, Pericline, Baveno and Manebach twinning laws. 'The spacing of 
the composition faces in any single twinned crystal appears to be related to 
the composition of the feldspar involved. `Wider twin lamellae occur in the 
plagioclase with high anorthite content and more particularly in those comprising 
the highly basic feldspar clusters, than in the less basic representatives of the 
plagioclase series. 

Traces of an alkali feldspar appear to be present throughout the sill. It 
fills interstices between the feldspar and the pyroxene crystals and usually 
occurs in the form of micropegmatite. In some instances the optical orientation 
cf the alkali feldspars appear to be related to that of the neighbouring 
plagioclase. 'The turbidity of the alkali feldspar and the abundance of other 
alteration products tends to obscure its relations with the surrounding plagioclase 
and also renders the determination of its optical properties extremely 
unsatisfactory and inaccurate. 'The size of the negative optic asial angle 
suggests that it is a potash feldspar, probably a soda-bearing variety of 
orthoclase. 

The Pyrozenes. After feldspar pyroxene is the most abundant mineral in 
the sill, constituting from 33 to 45 percent by volume of the rock. Orthopyroxene 
is completely absent and the clinopyroxene has a subhedral habit, the latter 
form being predominant. 'The prismatic cleavages are always well developed 
in transverse and longitudinal sections, and very distinct partings parallel to 
(100) and (010) can occasionally be observed. A persistent though imperfect 
basal parting is freguently visible, accompanied in rare instances by impersistent 
pyramidal partings. 


Three distinct types of pyroxenes may be recognized, viz.:— 

(a) Augite 2Vy.— 409-509, v/c — 889-429, va — 023-024. 

(b) Pigeonite 2Vy — 490-2409, v/c — 820-869, 1a — 019-021 

(c) Diopsidic Pyroxene 2Vy — 60-70%, extinction angle not determined. 


The optic asxial plane of the augite is always parallel to (010) and the 
mineral shows no appreciable pleochroism in thin section. 'The pigeonite has 
its optic axial plane perpendicular to (100) and is likewise devoid of any 
noticeable pleochroism. 

In both the pigeonite and the augite zonal structures can be observed. In 
the pigeonite the size of the optiec asxial angle increases from core to margin. 
In augite on the other hand the core is characterized by a higher optic axial 
angle than the margin. In both these cases the zoning is normal and a gradual 
transition from core to margin can be observed. Where the central part of 
a composite augite crystal consists of zonal augite characterized by a core of 
1ow optic axial angle an exceptionally sharp contact is. present between the 
inner and outer zones of the core. Differences in optical orientation and strength 
of birefringence permit the distinction of pigeonite and augite under crossed 
picols, the latter being generally characterized by higher interference tints in 
thin section. 1t should be emphasized, however, that a distinction based on 
birefringence alone would be erroneous since pigeonite with an optic axial 
angle -approaching 20 degrees gives nearly the same intensity of colour under 
erossed nicols as augite in a well-made thin section. 
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The pyroxenes, especially in the lower half of the sill, contain numerous 
inclusions of lath-shaped feldspar erystals which induce the development of 
a pronounced ophitie tegture. Feldspar occasionally includes pyroxene 
sub-poikilitically but this relation is confined, as we have seen above, to only 
one type of feldspar. In the lowest horizon investigated the ophitic relation 
is much less pronounced and in the highest levels the texture becomes 
Sub-ophitiec to intergranular. Extremely irregular crystals of augite also show 
a tendency to cluster at both these horizons. 

The optical investigation seems to indicate that no pyroxene hbreaching 
the gap between augite of aal angle 2Vy — 40% and pigeonite of axdal angle 
2Vy — 240 is present. 

The diopsidic pyroxene occurs throughout the sill but its amount and 
freguency decreases towards the roof. Owing to the absence of any noticeable 
cleavage the extinction angle and the orientation of the optic axial plane 
could not be determined. Its consistently irregular veinlike habit within the 
pigeonite (it really penetrates augite) strongly suggests that it represents highly 
irregular and thin sheet-like segregations approsimately parallel to the basal 
parting of the pigeonite. Its characteristic habit is typically that of an 
exsolution product. 


“seAugite 


Fig. 3. Sheetlike segregations of diopsidic pyroxene 
in pigeonite. 


Relations between Augite and Pigeonite. At frst sight the complex 
relations existing between these two pyroxenes appear to be very perplezing. 
A detailed examination, however, yielded some interesting results. 

1t is found that pigeonite forms mantles around cores of augite but the 
Teverse relation is also freguently observed. On closer serutiny these relations 
appear to owe their origin to the presence of two different generations of 
augite. The two pyroxenes are always in extremely sharp contact and a 
gradual transition between the two varieties was never observed. Augite appears 
to have been the first pyroxene to crystallise. A late generation of augite 
however, often envelops the pigeonite. 


Occasionally small anhedral grains of pigeonite were observed within the 
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first generation of augite. Superficial inspection would lead one to conclude 
that these “inclusions” are resorbed remnants of an early pigeonite. In this 
Connection it should be borne in mind, however, that in thin section one is 
inclined to disregard the third dimension. Since the surrounding augite is 
often of extremely irregular form and is itself enveloped by a rim of pigeonite 
displaying the same optical properties as the included pigeonite, it is reasonable 
to conclude that the apparent inclusions merely represent fortuitously 
sectioned embayments of the pigeonite mantle about the irregular augite core. 
The fact that the pigeonite enclosed by augite nearly always lies close to the 
margins of the augite cores seems to corroborate this contention. In this respect 
it is noteworthy that the petrographic study of the Calvinia dolerites by 
Walker and Poldervaart (23) revealed the presence of two Varieties of Digeonite 
differing in birefringence but apparently related to the augite in an analogous 


ADD Pigeonite 
j 2Vy -TO - IS” 


SO ADRES Plagioolaae 


#f...Late Augite 
BV s 45e 
y 


Fig. 4. Augite core surrounded by pigeonite. 'The latter 

mineral is in turn rimmed by a tenuous zone of late augite. 

2Vy decreases towards margin in augite and increases 
towards margin in pigeonite, 


manner. In the case of the Calvinia dolerites two generations of pigeonite are 
postulated whereas a single late generation of pigeonite may be present in 
the Paardekop sill. 'The detailed examination of the optical properties and 
relative optic orientations of the mutually associated pyroxenes in a series of 
thin closely spaced slices may assist in solving the problem. 

If the nature of the pyroxene association deduced in the case of the 
Paardekop sill is correct it is clear that augite was the first pyroxene to 
Crystallise. ln the case of the Calvinia sills Walker and Poldervaart have 
established a progressive increase in birefringence from the earliest to the 
latest pyroxenes whereas the augite cores in the pyroxenes of the Paardekop 
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sill are characterized by a distinctly higher. birefringence than the surrounding 
pigeonite rims. After the commencement of crystallisation of pigeonite an 
increase in birefringence of the later pyroxenes is observed and tends to persist 
till the last member of the pyroxene has separated. 

Where pigeonite and augite are zonally related their optical orientations 
were freguently found to exhibit a corresponding relationship. The phrase optical 
continuity generally implies the parallelism of the three aether axes in the two 
individuals comprising the association (not necessarily the corresponding axes) 
and conseduently their simultaneous extinction under crossed nicols. ln its 
strictest sense, however, the term should embrace only associations in which 
the parallelism of identical aether axes are implied. In the case of the zonally 
related pyroxenes of the Paardekop sill the cleavages are freguently continuous 
in the pigeonite and augite and if corresponding aether axes were to coincide 
the orientation of the optic axial plane would be identical in the two pyroxenes. 
This, however, is never found to be the case. Generally y of the two individuals 
coincide, while a of the one is parallel or nearly parallel to # of the other 
and # barallel or nearly parallel to .. lInstances have also been recorded 
where no relationship between the optical orientations of the pyroxene cores 
and margins could be established. 

It is of interest to note that in the lower levels of the sill the augite 
cores may locally be characterized by an idiomorphic habit. 'The traces of 
the (010), (001), (110) and (100) planes have been recognized in such individuals. 
Though such cores may be locally abundant, resorption cores of augite are 
always encountered in the same slides and the cores of augite are freguently 
partly idiomorphic and partly resorbed. 

Near the base of the sill the pyroxenes display transverse cracks and 
bent margins and under crossed nicols strain phenomena are seen to be 
prevalent. Under the circumstances the true paragenetic seguence of the 
various pyroxenes is extremely difficult to decipher. In this part of the 
sil] it seems as if augite enveloped by pigeonite is the only pyroxene association. 
At slightly higher levels a second zone of augite appears around the pigeonite 
and this association persists up to the 170 foot level. Owing to the fact that 
no fresh samples of dolerite were apparently available between the 170 and 
225 Yoot levels, it is impossible to indicate along which horizon the outer zone 
of augite disappears. At the 330 foot level the outer augitic zone is again 
in evidence and it attains its maximum development near the Summit of 
the sil (360 foot level). Below this horizon the outer zones of this mineral 
are extremely narrow and only sparsely developed. 

Twinned pyroxenes are rare in the lower levels of the sill but the number 
of twin crystals increases towards the top of the intrusion. Twinning appears 
to be more prevalent in crystals of augite than in pigeonite. In these pyroxene 
twins the composition face is almost invariably (100) though twins on (110) 
were occasionally observed. 

Olivine. Olivine or its alteration products oecur throughout the sill but 
at the highest levels only insignificant amounts could be detected. The mineral 
is generally rather strongly altered and in every section examined the alteration 
was found to be intense. At the 110, 145, 170 and 360 feet levels no fresh 
olivines could be found, and at 95 and 380 feet only occasional remnants of 
fresh olivine crystals were available for investigation. 

The alteration product most freguently encountered is bowlingite. 'This 
mineral ireguently displays the characteristic rounded outline of the parent 
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olivine but it may occasionally occur along cracks and partings in the feldspar 
crystals. Serpentine is another common alteration product and the relative 
abundance of bowlingite may be ascribed to the high iron content of the 
olivine. Bowlingite appears to be the predominant alteration product when 
fayalite constitutes more than 30 percent of the olivine. 

In determining the volumetric proportions of olivine in the Paardekop sill 
all bowlingite and serpentine pseudom@érphs were measured and calculated as 
olivine. By volume the percentage of olivine in the rocks under consideration 
ranges from almost zero to approximately 4.2 percent. (See Fig. 1 (a)) 'The 
antipathetic relation existing between this curve and the curve representing 
the composition of the olivine is significant, and it is clear that a reduction 
in the amount of olivine is accompanied by a decrease in the magnesian content 
of that mineral. 'The general trend of both curves relative to the different 
heights within the intrusion is in harmony with the petrological conception 
of gravitational differentiation. 

The orientation of the occasional relicts of olivine in sections of dolerite 
characterized by intense alteration to bowlingite and serpentine, restricted 
the determination of optical constants to the measurement of the relative 
retardation of this mineral. The presence of small amounts of interstitial guartz 
facilitated the measurement of the thickness of the sections by means of the 
birefringence method. After calculating the value of y-a of the olivine, the 
optical asial angles utilised in figure 1 (a) were extracted jrom Winchells 
diagram. 'The directly or indirectly determined optic axial angles of the olivines 
always proved to be negative and of remarkably constant size at any given 
level in the sill, but 2Vy decreases progressively from the base to the summit 
of the intrusion. (88 to 1) Afttention must be focussed on the presence of 
two subsidiary peaks in the graph illustrating the variation in size of the 
optic axial angle. (Fig. 1 (a)) The corresponding variation in the chemical 
composition of the olivines under consideration ranges from Fo,,Fa,, to Fo,,Fa;- 
These values were 'deduced from `Winchels graph and incorporated in the 
above-mentioned diagram. 

Pyroxene freduently includes anhedral grains of olivine but the latter 
mineral does not appear to be confined to any particular variety of pyroxene. 
Occasionally olivine forms a Tim around a cluster of highly basic feldspar 
grains. When olivine occasionally occurs within a basic feldspar cluster it is 
partially moulded on the feldspars and the textural relations between the 
two minerals is such as to lead one to conclude that they crystallised more 
or less simultaneously. lIn a few instances small aggregations of rounded 
olivine crystals were found to be associated with these feldspar clusters. 

Iron Ore. 'Titaniferous iron ore is present throughout the sill and the 
results of a micrometric mineralogical analysis of all the available slides are 
reproduced in Fig. 1 (a). 

It typically occurs in the form of relatively large and irregular patches of 
a skeletal habit partially or wholly including laths of plagioclase. It can be 
inferred that the bulk of the ore ecrystallised fairly late although small 
euhedral ore grains, probably magnetite, may be seen within the large feldspar 
crystals and it is possible that this mineral is of relatively early crystallisation. 

@uarts. 'Interstitial or angular patches of optically continuous duartz 
occur in all the rock sections examined and they freguently occur in micro- 
graphic intergrowth with altered alkali feldspar. 

Angular areas between feldspar crystals are often infilled With a grayish 
mineral aggregate which seems to owe its origin to reaction between plagioclase 
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and pyroxene. 'This relation may be ascribed to the action of late magmatic 
fiuids which attacked the two minerals and 'induced the simultaneous 
saussuritization and chloritization of the feldspar and pyroxene respectively. 
Pyroxene sometimes alters to a pale green chlorite. Near the top of the sill 
deuteric processes seem to have attained their maximum development and here 
the plagioclase has also been intensively saussuritisized. 


IN. THE PETROGRAPHY OF THE DYKE 


Unfortunately only one sample of this intrusion was available ior 
investigation. Many of its petrographical characters, however, were found to 
be in marked contrast to those displayed by the sill. 

Apart from the fact that it is more melanocratic than the sill, it resembles 
the latter intrusion to a remarkable degree in hand specimen. It is of slightly 
coarser grain than the rock comprising the base of the sill but is finer grained 
than the average dolerite of the latter intrusion. 

Microscopically the dyke shows a characteristic intergranular texwture. 
The pyroxene and feldspar occur as slightly rounded and approimately 
eduidimensional grains, the latter mineral being characterized by somewhat 
larger cerystals. 'The larger feldspar crystals may occasionally include pyroxene 
grains sub-poikilitically. No fresh olivine was encountered and the ore is 
slightly more abundant than in the sill. 

Mineralogically there appears to be only very slight differences between 
the dyke and the sill and the properties of the principal minerals are briefly 
reviewed below. 

As in the sill, feldspar is volumetrically the most abundant mineral 
constituent and integration revealed the presence of approzimately 52.7 percent 
of that mineral. In contrast with the investigated horizons of the sill the 
feldspars of the dyke tend to favour an eguant rather than a prismatic habit. 
The average composition of the feldspars determined optically is approsimately 
Ab,,ANn,, a value which compares favourably with the composition of the 
normative plagioclase (Ab, ,An,,). The average composition of the dyke feldspars 
is Ro somewhat less basic than that of the average plagioclase of 
the sill. 

The feldspars of the dyke are characterized by prominent zonal structures. 
Resorption phenomena are rarely encountered and the plagioclase commonly 
displays the gradational normal Zoning, characteristic of the feldspar series. 
A detailed investigation revealed that the variation in Composition of the 
plagioclase from core to margin ranges from Ab,,An,, to Ab,.An,.. Twenty-four 
plagioclase twins were investigated and the following twinning laws were 
recognized. 


Twinning Law Number of Twins 
Acline 
Alpite 
Roc Tourne 
Manebach 
Carlsbad 


mm NO EO 


It may be observed that Acline and Roc 'Tourne twins appear to be 
relatively more numerous in the dyke than in the sill. Owing to the limited 
number of twins investigated this variation cannot be regarded as being 
representative of the rocks under consideration. ë 
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Alkali feldspar is fairly abundant and is most freguently observed to occur 
in the form of angular patches between the larger plagioclase crystals. Intimate 
mierographic intergrowths between comparatively fresh alkali feldspar and 
duartz are common but the fineness of the micropegmatite tends to hamper 
the optical investigation. Approximate determinations of the optical constants 
revealed that the mineral is optically negative and that the value of 9V. lies 
in the vicinity of 70 degrees. This would suggest that the mineral is probably 
orthoclase. 

Only two of the varieties of pyroxene recognized in the sill were observed 
to be present in the dyke, the anastomising veinlike segregations of diopsidic 
pyroxene being absent. 'The mutual optical orientations of the augite and 
pigeonite in the dyke proved to be the same as in the sill. In the dyke the 
optic axial plane of the augite is again parallel to (010) and normal to that 
of the pigeonite. 2Vy of the augite was found to be somewhat lower than in 
the sill, namely 40% while y/c is 40%. 'The optic axial angle of the pigeonite 
was likewise found to be somewhat lower, namely in the vicinity of 8 degrees. 
In contrast with the rocks comprising the sill, the individual crystals of pyroxene 
in the dyke are comparatively small and much rounded. 'The pyroxenes seldom 
include crystals or portions of crystals of plagioclase and anhedral grains of 
pigeonite were often seen to be completely enveloped by large crystals of 
plagioclase. 

Neither of the two varieties of pyroxene exhibits any appreciable degree 
of zoning. Where zoning is in evidence it proved to be analogous to the zonal 
phenomena of the sill, the optic axial angle decreasing in augite and increasing 
in pigeonite when considered from core to margin. ln contrast with the sill, 
however, the early crystallisation of pigeonite could be definitely established 
in the dyke since it almost invariably constitutes angular, or rounded extensively 
resorbed and centrally situated cores of augite crystals. A second generation 
of pigeonite was never encountered. In composite pyroxene crystals the pigeonite 
and augite components exhibit the same optical relationship observed in the 
sil], the slow vibration directions `of both coinciding whilst aa of the one 
component is parallel to # of the other. 

Pseudomorphs of olivine are volumetrically less prominent in the dyke than 
in the sill. A micrometric survey indicated that approzimately 11 percent 
by volume of olivine was originally present. 'The slides examined were devoid 
of any fresh olivine and hence neither its optical properties nor its composition 
could be determined. 'The fact that the alteration product nearly always proved 
to be common serpentine suggests that its fayalite content could hardly have 
exceeded 30 percent. (See page 11.) 'The composition of the normative olivine 
is FO..Fa, 

in the dyke titaniferous iron ore is comparatively speaking more abundant 
than in the sill. It typically occurs in large angular patches of skeletal habit. 
Sometimes the ore is interstitial to the pyroxene and plagioclase crystals but 
more often it encloses laths of feldspar and anhedral grains of pyroxene. No 
idiomorphic crystals indicating an early crystallisation were observed and all 
the available evidence suggest that the ore crystallised fairly late. 

In contrast with the somewhat saussuritisized and chloritisized rocks 
oceuring in several horizons of the sill, the dyke rock exhibits comparatively 
less alteration and the effects of late magmatic fluids are less conspicuous. 
This may probably be ascribed to the relatively rapid chilling of the dyke and 
the concomitant restriction of deuteric processes. 

The modal composition of the sill and dyke rocks are represented in 
Table II. 
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IV. THE CHEMICAL CHARACTERISTICS OF THE SILL 
AND DYKE 


Three analyses, two of the sill and one of the dyke, were made with a 
view to obtaining a more comprehensive idea regarding the chemical and 
mineralogical variation. 
were selected so as to represent the composition of the upper and lower levels. 
The three analyses together with the norms, molecular values and modes are 
given below. 


Analyses. 
Sample No. IV.” KIV.* 

SiO, 50.95 51.48 
EIOS 0.42 0.40 
A1.O, 15.40 16.60 
Fe,O, 251 1.93 
FeO 8.10 1.90 
MnO 015 0.11 
MEO dd 6.35 
CaO 11.16 10.50 
Na,O 2.36 2.07 
KO 1.00 0.173 
H,O 0.65 123 
H.O- 0.06 0.11 
Pe. 0.05 0.10 

Totals 99.91 99.64 


Molecular Values. 


111.00 120.00 
19.80 22.80 
47.60 45.10 
26.20 26.80 

6.40 5.72 
0.238 0.20 
0.49 0.49 
0.55 0.58 

-14.96 -2.90 

4.4 5.0 
5 5 
— od 


Sample from 100 foot level, Paardekop Sill. 


Sample from 360 foot level, Paardekop Sil. 


A. M. J. de Swardt. 


The two specimens of the sill that were analysed 


TABLE II 
Norms. 
Sample No. TV. XIV. O 
@ — 212 — 
or 6.12 4.45 — 
ab 19.91 17.29 22.01 
an 28.36 83.29 93.63 
Casio, 11.87 7.31 12.30 
di MeSiO, 6.40 4.00 6.70 
FesSiO, 4.49 3.04 4.88 
f MeSiO 8.80 11.90 4.90 
hy Ee 
l FesiO, 6.20 9.37 3.56 
E | Me,SIO, 1.82 — 7.00 
l Fe,SiO, 1.43 — Pg 
mt 3.71 2.78 2.09 
il 0.76 0.76 0.91 
ap — 0.34 — 
H,O ete. 0.71 1.83 gf! 
'Totals 100.08 99.62 100.76 
Modes. 
Feldspar 58.7 62.4 59.17 
f Augite 20.0 92.4 
41.3 
Es ene l Pigeonite 14.5 12.6 jf 
Olivine d.2 0.2 si 
Iron Ore 3.0 2.3 4.9 
Totals 100.2 99.9 100.0 
CGIP.W.] EA. ink Hel. 
Symbol f 5.44. 444. BA 
Niggli 
Magma, Miha- Miha- Normal 
Type raitisch raitisch gabbroid 


Analyst L. J. Murray. 


Analysts L. J. Murray and 


Sample of Paardekop Dyke. Analysts L. J. Murray and A. M. J. de Swardt. 


New Analyses. 
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I£ the chemical composition of the samples from the upper and lower levels 
of the sill is compared it will be observed that there is an increase in the 
normative duartz and a noticeable decrease in the proportion of negative 
molecular guartz. Jn this respect the dyke resembles the more basic of the 
two sill samples, but the normative olivine content of the former is distinctly 
higher (12.5%) than that of the latter (38.25%). It is remarkable that the 
difference between the amount of modal olivine in the case of these two samples 
is not only less pronounced but also reversed. The sample of dolerite from 
the top of the sill must be assigned to the saturated class whereas the dyke 
and the sample from the base of the sill is slightly undersaturated with regard 
to silica. 

In the analysed samples from the sill normative plagioclase exceeds modal 
plagioclase. Exactly the reverse is the case in the dyke where modal plagioclase 
@xceeds normative bplagioclase. 'This discrepancy can probably be partly 
attributed to the fact that the normative pyroxenes of the dyke are relatively 
more Ca-rich than those of the sill. 'The normative and modal pyroxenes of 
the two sill samples exhibit a fair degree of correspondence but in the dyke 
the modal pyroxenes far exceed the normative pyroxenes. 'This can be ascribed 
to the fact that much of the olivine in the norm is represented by Dyroxene 
in the mode. ln the sill the normative ore shows a slight excess over the 
modal ore and in the dyke the opposite is the case. 

The more saturated nature of the higher level in the Paardekop sill 
compared with the lower level is compatible with the conception of limited 
gravitational differentiation during the cooling of the intrusion. The 
discrepancies between the normative and modal relations in the dyke and the 
sill will be further discussed in the section dealing with the probable course 
Of crystallisation. 


V. THE PROBABLE COURSE OF CRYSTALLISATION 


In the previous section mention was made of the presence of glomeropor- 
phyritiec feldspar aggregates characterized by an extremely high An-content. 
All available evidence seems to indicate that these basic feldspar clusters 
represent some of the first crystalline products of the dolerite magma which 
consolidated to form the sill. Their rounded outlines and high anorthite content, 
as well as the fact that they are unassociated with pyroxene indicate that 
these basic plagioclase clusters probably preceded the earliest pyroxenes in 
the crystallisation seguence. Tt seems likely that these aggregates represent 
pre-injection products of crystallisation of the dolerite magma but it is 
impossible to deduce whether they accumulated as a result of convectional 
agencies or whether they represent consolidated portions of the original magma 
dislodged during its emplacement into the Karroo sediments. 

A survey of the available slides revealed the presence of phenocrysts of 
plagioclase at all horizons in the sill. In the upper portions of the intrusion 
these phenocrysts seem to attain their maximum development. 'Their most 
salient characteristic is the almost universal presence of resorbed cores averaging 
40% anorthite surrounded by plagioclase with an average composition Ab, An; 
1t is generally believed that if a mineral occurs both in the form OË “Targe 
and small crystals, it can be tentatively assumed that the large crystals had 
commenced their growth prior to the smaller ones. If we bear in mind. that 
plagioclase has been demonstrated to be among the first minerals to erystallise, 
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both in the laboratory (8) and in the field (15), the assumption is warranted 
that these phenocrysts had already been in existence at the commencement 
of the main plagioclase crystallisation. Since andesine is hardly likely to be 
amongst the irst of the crystalline phases to separate from a consolidating 
basaltic magma, it seems to be more plausible to postulate an extraneous origin 
for these relatively acid cores. It seems more likely that they were derived from 


the wall rock and incorporated by the dolerite magma during its emplacement 
in the Karroo sediments. 


Apart from a probable `overlap in the seguence of crystallisation of olivine 
and the more basic feldspars of the sill, the former appears to have been 
among the first of the crystalline products to separate from the magma after 
emplacement. 'The early crystallisation of olivine is suggested by the prevalence 
of resorbed margins, the absence of inclusions and the fact that it is either 
partially or wholly surrounded by the other essential minerals. ln one instance 
rounded olivine grains were seen to be embedded in a basic feldspar cluster 
and this association would seem to indicate that at least a portion of the olivine 
had probably already crystallised prior to the intrusion of the magma. 'The 
consensus of opinion seems to be that the major portion of the olivine in an 
olivine-rich rock of basaltic composition crystallised in advance of feldspar. 
Numerous instances have, however, been cited of olivine enclosing plagioclase 
and much uncertainty seems to exist regarding the relative crystallisation 
Seduence of these two minerals in different rocks. In the Paardekop sill the 
olivines are rounded and extensively resorbed and their boundary relations 
with the plagioclase furnish direct evidence in this connection. At the 295, 
255 and 330 foot levels the olivine is relatively fayalitic (approx. Fo,,Fa.), 
and it is possible that the crystallisation of plagioclase and this mineral overlaps. 
The greater portion of the Paardekop olivines, however, are relatively highly 
magnesian and the melting temperatures of magnesian olivine and plagioclase 
in artificial melts (3) indicate that the bulk of the olivine crystallised in 
advance of feldspar. Olivine is generally enveloped by pyroxene, but it does 
not seem to ezhibit any preferential relation to any member of this group 
and may be surrounded by either pigeonite or augite. 


Plagioclase and pyroxene are by far the most abundant essential minerals 
in the Paardekop sill and the résumé of the probable crystallisation history of 
this intrusion becomes exceedingly complicated if an attempt is made to deduce 
the course of crystallisation. In perusing the available literature it is apparent 
that there are two opposing schools of thought, the one advocating the practically 
simultaneous crystallisation of plagioclase and pyroxene, whilst the other 
maintains that a large portion of the plagioclase is precipitated prior to the 
commencement of cerystallisation of pyroxene. 

According to R. A. Daly and T. F. W. Barth (5): “From the combined 
chemical and microscopical data it seems clear that here (in the Karroo 
dolerites) the formation of plagioclase and pyroxene was almost wholly 
simultaneous though some of the larger idiomorphic crystals of plagioclase 
may have developed ahead of pyroxene.” 

N. L. Bowen, on physico-chemical grounds, corroborates the conclusion 
arrived at by the Mull authors who state: “It is noteworthy that the ophitic 
augites of the Mull Plateau Type often completed their growth well within 
the crystallisation period of the associated feldspar.” In this connection Bowen 
draws his conclusion from a theoretical boundary surface separating the 
plagioclase and pyroxene fields in the Ab - An - Di - FeSiO, tetrahedron. A 
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1liguid selected by him to represent the simultaneous cerystallisation of plagio- 
clase and pyroxene resembles the average Deccan basalts to a remarkable 
degree in composition. In the case of the Paardekop sill the correspondence 
is even more striking. Against Bowem's line of reasoning, however, Krockstrom 
(15) eites the early crystallisation of olivine which should shift the composition 
of the magma into the plagioclase field. 

'The investigation of the basalts of Reunion led Lacroix to conclude that 
pyroxene crystallised later than plagioclase. The petrographic examination 
of basaltie tachylite from Hawaii by Adams and Gibson revealed the 
presence of approzimately 3 percent of crystalline products consisting mainly 
of plagioclase with little olivine and pyroxene. In the case of the Deccan 
and other Plateau basalts H. S. Washington records the following: “Augite 
is also very abundant in the more holocrystalline types but becomes less so 
as the glass content increases and it seems to be duite absent in one or two 
wholly glassy specimens.” 

Krockstrom (15), in a study of the ophitic texture obtaining in the Breven 
and other Swedish dolerites, concludes that a large portion of the plagioclase 
had crystallised prior to the separation of pyroxene. He states: '"The 
arrangement of the latter (pyroxene) gives a strong impression that in the 
later stages of crystallisation a residual liguid of pyroxenic composition has 
fiowed into all the cavities available and congealed there.” Tn a later paper 
(16) he modifies his views to a certain extent: “It will appear then that the 
development of the typical ophitic texture is confined to rocks of rather limited 
chemical composition, viz. to rocks undersaturated in silica and not extremely 
Tien nEiFON 

In 1910 C. N. Fenner in referring to the origin of the ophitic intergrowths 
in the Watchung basalfs, stated: “No matter to what degree glass is present 
in the 'slide, plagioclase and diopside appear side by side. It is evident that 
almost from the beginning of crystallisation these two constituents were 
being eliminated simultaneously.” 'Twenty-six years later he concluded that 
in the crystallisation of basaltic magma all the plagioclase ecrystallise out 
first and is followed by Dpyroxene. 

While studying the dolerites of the Western Province W. Brink and G. Nell 
(27) encountered a tachylitie facies in which plagioclase appears to the 
practical exclusion of pyroxene. 

In the case of the analogous poikilitic texture Iddings (18) concludes that 
the Chadacrysts had completed their crystallisation prior to the okiocrysts 

owing to the fact that they separated from a magma medium which had 
become enriched in volatiles. 

Barth showed that if the Ab-An-Di-Hy tetrahedron is used to 
demonstrate the normative composition of those basalfie rocks in which 
pyrogene and plagioclase are believed to have crystallised simultaneously all 
the plotted points will be found to be restricted to one plane within the 
tetrahedron. From the co-ordinates of this plane he deduced an eguation which 
he calls the (-norm. The eduation was found to be Ab - 9Di - 2aHy — 123. 
Barth maintains that if the (-norm of a rock of basaltic composition is less 
than 1938 plagioclase separated in advance of pyroxene, while the reverse is 
the case for values higher than 193. 

ER ed ee Paardekop sill it is freguently observed that 
pletely surround small feldspar laths, while the 
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uninterrupted extension of similar crystals from one pyroxene to another of 
different orientation, as well as the apparent interstitial relations of the 
marginal portions of the pyroxene relatively to the surrounding and partially 
enveloped plagioclase, seem to indicate that the later crystallisation of the 
pyroxene is not merely limited to those portions of pyroxene crystals which 
completely envelop plagioclase. 'The included plagioclases have a remarkably 
constant composition and exhibit very little szonal effects. Only those 
plagioclase crystals which are not enveloped by pyrozene show the normal 
gradational zoning which culminates in the development of an outer rim 
With composition Ab,An,,. It is obvious that the enclosed plagioclase 
crystals were prevented from reacting with the liduid at some definite stage 
during the consolidation of the sill, thereby ceasing to exert any infiuence 
on the magmatic eduilibrium. 

It is significant to note that the marginal portions of the sill and the 
dyke exhibit an intergranular texture. The analysed specimens from the 
middle of the sill and the roof zone as well as that of the dyke give f-norm 
values which are appreciably lower than 193 and according to Barth the 
plagioclase should have commenced to crystallise in advance of pyroxene. 


The sub-intergranular to intergranular texture prevailing in the marginal 
portions of the sill and the intergranular texture of the dyke may owe their 
Origin to the relatively rapid chilling to which these rocks had been subjected. 
It is to be expected that the rapid chilling of a magma will either prevent 
or shorten the crystallisation period of olivine. 'This will entail a greater 
concentration in the magma of ` the ferromagnesian constituents which 
crystallise as pyroxenes which may, therefore, be expected to commence their 
crystallisation at an earlier period. Under these conditions a magma which 
would normally have precipitated plagioclase in advance of pyroxene may 
commence to precipitate the latter mineral simultaneously with or even in 
advance of pyroxene, and an intergranular texture may thus be expected 
to develop. In this connection the large excess of normative olivine over 
modal olivine is especially significant. 

Another factor which may be of importance in modifying the relative 
Crystallisation seduence of plagioclase and pyroxene in a magma is the early 
separation of ore. Van der Walt (29) records an enrichment in the magnesia 
content of the orthopyroxenes in the chromitites of the Bushveld Complex. 
His curves illustrating the volume percentage of chromitite show a sympathetic 
variation with the curves representing the values of 2V . of the associated 
orthopyroxenes. An increase in the percentage of chromite is, therefore, 
accompanied by an increase in the MEO/FeO ratios of the orthopyroxene. 
This seems to indicate that the ore infiuenced the composition of the 
orthopyroxene. Conseguently it can be tentatively assumed that the ore 
separated prior to the commencement of cerystallisation of the orthopyroxene, 
either as crystals or as an immiscible phase. 'The magma was thus locally 
impoverished in iron and this entailed an enrichment in magnesia of the 
pyroxenes which were subseduently precipitated. It appears, therefore, that 
the early separation of ore may occasion the precipitation of a more magnesian 
pyroxene and this mineral may conseguently commence to ecrystallise at an 
earlier stage. 

The pseudo-poikilitic texture observed in the sill appears to furnish 
evidence opposed to the crystallisation seduence which has been deduced for 
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this intrusion. 'The included augite crystals have, however, a very limited 
distribution. 'They are found to occur only in the large plagioclase phenocrysts 
and only in the immediate vicinity of the relatively acid resorbed cores. If 
the pseudo-poikilitic texture implies the earlier separation of augite as 
compared with plagioclase one should expect these inclusions to occur 
throughout the plagioclase. A closer scrutiny immediately reveals that the 
augite and the resorbed plagioclase cores are intimately related, exhibiting a 
marked similarity of form and arrangement which indicates that the 
crystallisation of the augite and the resorption of the plagioclase were 
probably accomplished at the same time. ln thin section the augite appears 
to be replacing the resorbed plagioclase. 

Where reaction occurs between a basaltic magma and a Trelatively acid 
plagioclase inclusion one can expect the composition of the magma to be 
locally altered in the vicinity of the inclusion. A composition gradient will 
thus be established from the inclusion to the uncontaminated magma. In 
the vicinity of the inclusion the concentration of the various constituents of 
the magma will approach that which would have been attained in the magma 
at a later stage in its consolidation, and the precipitation of later crystalline 
phases may thus be expected. This is probably what happened near the 
centres of resorption and it may account for the association which ersists 
between the included augite and the plagioclase cores. 


THE CRYSTALLISATION SEOGUENCE OF THE PYROXENES 


Much confusion appears to exist regarding the mutual relationships of 
the various pyroxenes in igneous rocks. In the past many attempts have been 
made to unravel the genetic seguence of the pyroxenes and although valuable 
suggestions have been made, no generally acceptable hypothesis appears to 
have been formulated. 

Only clinopyroxenes were encountered in the Paardekop sill and the views 
of Barth (1) seem to be especially relevant to the rocks under consideration. 
Barth is of opinion that in the case of the Karroo dolerites the pyroxenes 
exhibit a continuous series of mix-erystals, from diopside-rich to hypersthene- 
rich. The investigation of the pyroxenes in the Paardekop sill revealed that 
where augite and pigeonite are found to be related, the former mineral always 
formed cores to pigeonite which may often in its turn be rimmed by a thin 
Zone of late augite. Between these various zones a sharp demarcation was 
found to exist and there appears to be a well-defined gap in the values of 
the optic axial angle between 90% and 400. It is significant that Walker and 
Poldervaart (23) observed analogous relations between augite and pigeonite in 
the Calvinia dolerites. 

In. a recent paper Hess (11) duestions the existence of a complete series 
of solid solutions between clinopyroxenes With pigeonitie composition and 
augites. The evidence of a large number of petrographic provinces led him 
to infer the existence of a gap in the values of the optiec axial angles of 
clinopyroxenes between 30 and 40 degrees. Hess believes that either augite 
Or pigeonite may be the first clinopyroxene to Crystallise and that soon after 
separating a second pyroxene joins in the Crystallisation resulting in the 
simultaneous crystallisation of pigeonite and augite until the boundary of the 
two-pyroxene field is reached. He further advocates the view that since 


21 


pigeonite has been demonstrated to be the high-temperature form of 
hypersthene, either pigeonite or hypersthene may crystallise depending on 
whether the temperature at which crystallisation proceeds is above or below 
the inversion temperature of pigeonite. 'The absence of pigeonite in major 
intrusions and its existence in smaller igneous bodies is attributed to the 
rate of cooling, the pigeonite forming jn major intrusions jinverting to 
hypersthene with orientated plates of clinopyroxene due to the ,slower rate 
Of cooling. 

In the case of the Paardekop sill there is no evidence suggestive of the 
simultaneous crystallisation of augite and pigeonite. 'The zonal relations 
indicate that augite preceded pigeonite in the cerystallisation seduence and 
that the latter mineral was followed by a later augite. 'Two discontinuities 
are thus recorded. Tn perusing the available literature one is forced to 
entertain serious doubt regarding the simultaneous crystallisation of augite 
and pigeonite or augite and hypersthene in several intrusives. 


In the case of the Downes Mountain sill Walker and Poldervaart (22) 
records the presence of pigeonite as idiomorphic cores completely enveloped 
by augite which is again rimmed by a later pigeonite. In the lower portions 
of the Downes Mountain sill the place of pigeonite is taken by orthorhombie 
pyroxene. Walker (25) found that augite preceded hypersthene in the lower 
portions of the Palisade diabase. In the upper levels pigeonite occurs as 
cores in augite and the latter mineral is rimmed by a later mantle of 
pigeonite. The Palisade diabase, therefore, appears to afford no evidence of 
the simultaneous crystallisation of augite and hypersthene or augite and 
pigeonite. On the contrary, a discontinuous relation is indicated. Holmes 
and Harwood (12) encountered hypersthene, pigeonite and an augite with 
Ooptic axial angle approaching 50 degrees in the tholeiite dykes of northern 
England. 'The hypersthene appears to be complementary to the pigeonite and 
is of distinctly earlier crystallisation than the augite which #freduently grew 
about nuclei of the former. 'They were further able to establish that augite 
crystallised later than pigeonite wherever the relations are clear. An 
investigation of the Palaeozoic auartz-dolerites and tholeiites of Scotland led 
Walker (24) to conclude that hypersthene and pigeonite preceded augite in 
the crystallisation seduence. 

According to Scholtz (19) the orthopyroxenes in the East Grigualand 
intrusives always appear to have preceded the clinopyroxene in the 
erystallisation seguence and the latter is often observed to replace the former. 
From the available literature it appears that in the Basal, Critical and Main 
zZones of the Bushveld Complex clinopyroxene is either markedly interstitial 
or occurs as large irregular crystals enclosing chadacrysts of orthopyroxene 
indicating that it probably crystallised later than the associated orthopyroxene. 
In the olivine diorites and fayalite-bearing syenodiorites of the upper zone 
at Tauteshoogte Boshoff (28) encountered orthopyroxene as interstitial patches 
exhibiting an ophitie relationship to the plagioclase or as larger irregular 
crystals enveloping plagioclase, clinopyroxene and ore grains. In these rocks 
clinopyroxene appears to have preceded orthopyroxene in the crystallisation 
seguence. While the available data are not sufficient to warrant a definite 
conclusion the evidence does not appear to favour the simultaneous cerystal- 
lisation of orthopyroxene and clinopyroxene. In this connection there appears 
to exist a promising field for further study. 
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Hess postulates that the augite-pigeonite boundary surface in the 
Di. —- En. — F$. — Hed. field gradually moves away from the cotectic surface 
towards the Hed. — Fs. join, culminating in a complete series of solid solutions 
in the hedenbergite-clinoferrosilite system. From the point of departure of 
the augite-pigeonite boundary surface augite bears a reaction relation to 
pigeonite, the magma reacting with pigeonite to form augite, the latter being 
the only pyroxene separating from the magma on further crystallisation. 

The pyroxene association obtaining in the Paardekop intrusion appears 
to favour the conception of a reaction relation between augite and pigeonite 
diametrically opposed to that postulated by Hess. 'The writer believes that 
at a relatively early stage in the consolidation of the Paardekop dolerite 
magma the liguid reacted with augite to form pigeonite while at a later stage 
a second generation of augite appears to have been formed at the expense 
of pigeonite. '1f this is the case a pronounced change in the behaviour of 
the magma during its consolidation is immediately apparent. 

Bowen and Schairer (4) have ascribed the formation of pigeonite to rapid 
Crystallisation but in the case of the Karroo dolerites, especially those irom 
Calvinia, described by Walker and Poldervaart, this assumption necessitates 
the further postulate of a rhythmic variation in the rate of cooling of the 
magma. Limited immiscibility as elaborated by Hess, implies the simultaneous 
Crystallisation of pigeonite and augite which, as has already been observed 
never appears to have been operative in the Paardekop intrusion. It is 
probable that either augite or pigeonite may be the stable phase in a magma 
depending on the position -of the two pyroxene boundary with respect to 
the cotectic surface. It is suggested that the boundary between the 
respective pyroxene fields crosses the cotectic surface at least at two points 
and that augite and pigeonite and augite and hypersthene are precipitated 
simultaneously only at the points of intersection. If the pyroxene boundary 
surface lies on the Di. — Hed. side of the cotectic pigeonite bears a reaction 
relation to augite while the reverse obtains if the boundary surface lies on 
the En.-Fs. side. Very little is known regarding the relations in the 
En. —- Di. — Hed. — Fs. field and it is probable that many factors as vet 
inadeguately assessed, may serve to modify the course of crystallisation of 
pyroxenes in natural magmas. As the crystallisation of pyroxenes depend on 
So many variable factors it is doubtful whether it is possible to formulate 
an hypothesis which is capable of elucidating all the relations between the 
various pyroxenes in igneous rocks. 


VI THE PROBABLE MODE OF EMPLACEMENT 


A consideration of the petrographical characteristics of the sill graphically 
represented in figure 1 immediately suggests that the injection of the dolerite 
magma was a fairly complex process. 'The relatively pronounced maxsima and 
minima of the relevant curves cannot be reconciled with the conception of 
a single act of emplacement of a homogeneous dolerite magma and the absence 
of a regular and progressive trend in the differentiation from the base to the 
roof leads one to the conclusion that the injection of the magma was 
accomplished in stages. 'The marked variation referred to above can hardly 
be accounted for by conceiving the injection of a single body of magma 
which was subseguently differentiated in situ. 
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A glance at the curves represented in figure 1 immediately reveals their 
oscillatory nature. 'Three distinct horizons can be recognized and in each 
of these the curves exhibit almost the same variation trends. ln this respect 
the oscillatory nature of the olivine curve is especially significant. Near the 
base and at the 110 and 240 foot levels the olivine curve is characterized by 
relatively pronounced maxima which suggest that some accumulation of 
olivine occurred at these levels. If the Paardekop sill originated by a single 
act of emplacement one should expect olivine to be concentrated in the lower 
levels of the sill. 'This would be in accordance with the phenomena observed 
in numerous intrusions throughout the world, especially the Palisade 
diabase (25). 

The aggregation of olivine near the base and the 110 and 240 foot levels 
can probably be ascribed to the existence of partly solidified horizons 
` presumably near the base and the 100 and 230 foot levels which impeded 
the sinking of early olivine crystals. 'This necessitates the further assumption 
that the magma encountered more rapid chilling at these horizons than in 
the rest of the sill. The masima in the feldspar curve at 110 and 240 feet 
and the complementary minima jn the pyroxene curve at these levels is 
significant in this respect. 

It is noteworthy that the form of the curve representing the volumetric 
variation of the basic plagioclase clusters and the olivine curve shows a 
remarkable similarity. Volumetrically these feldspars range from 8 to 10 
percent and their subtraction from the volume of total feldspar would 
manifestly alter the form of the total feldspar curve to a considerable degree. 
The curve representing the basic feldspar clusters show maxima near the 
base and at the 110 foot level as well as an inconspicious rise at the 240 foot 
level. 'The basic plagioclase clusters are again abundant near the roof of 
the intrusion. 'These variations strongly suggest that these basic feldspar 
clusters were subjected to gravitational settling and aggregation at the same 
levels as the olivine. It is unfortunate that the lowest horizon investigated 
in the sill is situated about 65 feet above the actual base of the intrusion. 
The curves representing the petrographical variation are, therefore, somewhat 
incomplete and extrapolation would seem to suggest that the percentages of 
olivine and basic plagioclase clusters should show higher values at slightly 
lower levels. 

The accumulation of olivine and basic feldspar clusters near the base 
of the intrusion needs no explanation if it can be demonstrated that these 
mineral constituents (which have previously been shown to have been the 
first crystalline products in the intruded magma) would be induced to sink 
in a magma under the infiuence of gravitational forces. 'The high density of 
olivine and the many recorded instances of settling of this mineral in basic 
intrusives need not be further discussed. As regards the gravitative settling 
of plagioclase there appears to be some disagreement among eminent 
petrologists. Beskow, Buddington, Goldschmidt, Grout and Loewinson-Lessing 
postulate rising, while Bowen, Vogt and Trommsdorff advocate the sinking of 
plagioclase crystals in a magma. 'The basic members of the plagioclase series 
are characterized by higher densities than the more acid representatives and 
it may be that highly basic feldspars would rise. If-the density of basic 
plagioclase only slightly exceeds that of the surrounding magma relatively 
rapid settling may be effected provided the individual fragments of plagioclase 
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are of considerable size. According to Stoke's formula the rate of settling 
of any mineral varies as the sduare of the radius of the individual particles. 
Large basic plagioclase clusters such as are encountered in the sill may, 
therefore, have been subjected to relatively rapid settling provided the 
viscosity of the magma was moderate. 

The concentration of feldspar clusters and olivine at the 110 and 240 
foot levels and the probable existence of already partially cooled horizons 
in the original magma approzimately corresponding to the 100 and 230 foot 
levels in the existing intrusion can reasonably be accounted for by postulating 
the injection of three successive and almost synchronous heaves of magma. 
The first infiux of magma was somewhat chilled along its contact with the 
surrounding sediments before the next magmatic heave supplied a fresh 
amount of ldguid and the new contact was likewise slightly chilled before 
the third injection of magma took place. 'The partly chilled contacts between 
the successive heaves of magma probably experienced more rapid cooling 
during the subseguent consolidation of the sill and it may be expected that 
they constituted congealed horizons in the magma when the intermediate 
horizons were still in partly fluid state. 'The analogous associations and the 
almost identical optical properties of the minerals which were precipitated 
by the magma constituting the various heaves indicate that the emplacement 
of these heaves probably took place at very short intervals of time although 
some differentiation and settling may have taken place before the next 
injection of magma occurred. 'This is susgested by the marked accumulation 
of basic plagioclase clusters in the lower heaves in contrast with the very 
slight accumulation in the upper portions of the sill which presumably presents 
the last injection of magma. 

The mode of emplacement deduced above is corroborated by another line 
of evidence, namely the relatively more magnesian character of the olivine 
near the base at the 240 foot level. Unfortunately no fresh olivine crystals 
were encountered in the slides representing the 110 foot level and the 
Composition of the olivine could, therefore, not be determined. The magnesian 
olivines of early crystallisation probably gravitated to lower levels in the 
intrusion owing to their higher density relative to the surrounding magma. 
It is probable that the relatively large size of the olivine crystals which appear 
to be somewhat near the base and at the 110 and 240 foot levels, enabled 
them to settle rapidly towards the base of the respective heaves and so 
prevented their further reaction with the magma. 'The relatively more 
magnesian olivines probably aggregated near the base of the respective heaves 
whilst the later more fayalitic types suffered less displacement after crystal- 
lisation. The settling of olivine crystals from the base of an upper and 
younger magmatic infiux into the upper, relatively more acid superstratum of 
an already partially diiferentiated earlier heave probably occasioned strong 
reaction of olivine with the liguid and this may account for the antipathetic 
relation between olivine and pyroxene which is much more pronounced in 
Ee ER lower heaves than in the petrologically youngest horizon (see Scholtz 

It may be mentioned that pigeonite is relatively more abundant near the 
110 and 240 foot levels than in the rest of the sill. The majority of petrologists 
appear to favour the view that pigeonite is the characteristic pyroxene of 
rapidly chilled basaltic rocks, and the relative abundance of pigeonite at the 
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above-mentioned levels may probably be ascribed to the rapid chilling which 
occurred near these levels. Late augite shows a decrease near the 110 foot 
level and is completely absent at the 110 foot level. 

'Titaniferous iron ore appears to have separated at a late stage in the 
consolidation of the magma (see p. 11). 'The volumetric curve of iron ore 
appears to indicate that some accumulation of ore took place near the top 
of the respective heaves but this tendency is not so pronounced as to merit 
definite conclusions. d 

The mode of emplacement deduced for the Paardekop sill affords a 
remarkable parallel to that of the Aylif intrusion as deduced by Scholtz and, 
as in the latter case, the views of Loewinson-Lessing regarding the emplacement 
of the Siberian Trapp Sills can be applied to the Paardekop intrusion. After 
the first injection of magma renewed subsidence would disturb the hydrostatie 
e@duilibrium occasion the upward movement and influx of additional duantities 
of basaltic magma proportional to the amount of subsidence, thereby increasing 
the volume of the existing intrusion. 
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ULIE BEIKOIOSY OF FEE 
WESTERN PROVINCE DOLERITES 


By 
EONERTOE SN nd WE BRINKAE 


ABSTRACT 


A description of the geology and petrology is given of eighty-eight 
dolerite dykes in the Cape Peninsula, Somerset West Paarl and 
Malmesbury districts. Generally speaking they are all comparatively 
narrow and short, rarely exceeding 100 yards in length, and with few 
exceptions they are all fine- to medium-grained rocks, consisting 
essentially of labradorite, augite and some ore. 

The order of abundance of the different twinning laws of the 
plagioclase has been tabulated and compared with the results obtained 
by various other South African and European workers. Both the 
optical data and chemical composition of the pyroxenes seem to 
indicate that they group in the hitherto vacant portion of the augite 
field in the recently published pyroxene diagram of H. H. Hess. 

The hydrothermal alteration and regional metamorphism of the 
dolerites are discussed, and the name epidiorite has been suggested 
for some of these altered dolerites. Nine new analyses are included. 
The W.P. rocks and Karroo dolerites are compared petrographically. 
The c/jfm and mg vatios appear to afford a satisfactory means of 
distinguishing between Karroo and W.P. dolerites, and from the 
evidence obtained from the mode of alteration the latter rocks are 
believed to be of pre-Karroo age. 
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1. INTRODUCTION 


The earliest known record of basic intrusives observed in the Cape Peninsula, 
is that made by Capt. Basil Hall, who in 1813, found two whin “Dykes” in 
granite abreast of “Noah's Ark.” 

In 1841 W. B. Clarke in his dissertation “On the Geological Phenomena in 
the vicinity of Cape Town” describes a basic intrusive as “Trapp.” The same 
descriptive term was used several years later, in 1856 by Andrew G. Bain. 

In his account of an intrusive into the shales on the western slope of 
Devils Peak, Krauss, in 1842, was the first to apply the name “Dolerite” to 
these intrusions. Between the years 1857 and 1859, similar dykes, intrusive in 
granite in the vicinity of Rockland's Point, were found and erroneously named 
“Diorite” by von Hochstetter. 

The first correct mineralogical description of these dyke intrusions, as 
consisting of pyroxene, feldspar and magnetite was given by the French 
Geologist Itier in 1844. 'Thirty years later this pioneer work was carried a 
step further by Prof. E. W. Cohen (8)* during his fifteen-month visit to 
South Africa, in the years 1872 to 1874. He examined in detail a diabase 
occurring near the “Round House,” Kloofnek. 

In 1896 A. W. Rogers (24) reported the occurrence of “abundant” dolerite 
dykes in the Peninsula and Somerset West areas, and also south of Malmesbury, 
all apparently confined to the granite. In the next year G. $. Corstorphine 
(5, D. 8) stated, that despite the fact that “Diabase” dykes are common in 
the granite of the Peninsula and of Sir Lowry's Pass, two peculiar dykes 
occur in slate near Gordoms Bay. According to him: “The dykes have been 
found in slate and granite only, and no evidence has been obtained that 
they pass up into the overlying Table Mountain Sandstone.” 

At the time of publication of the “Geology of the Cape Colony” A. W. Rogers 
and A. L. du Toit .(25) suggested that some dykes known to occur in the 
Somerset West area, as well as those of the Peninsula might be regarded 
as belonging to the group of Karroo dolerites. 

In his publication “On the Geology of the Neighbourhood of Stellenbosch?” 
in 1917, Prof. S. J. Shand (29) paid particular attention to a broad dyke 
occurring on the farm Muratie near the northern end of Simonsberg. 

The more recent references to dolerites of the Western Province were 
made by S. H. Haughton (12) and by Prof. D. L. Scholtz (27). With the aid 
of Prof. Scholtzs maps, which were kindly placed at the disposal of the 
authors, they managed to locate all the earlier known dykes as well as those 
discovered by Prof. Scholtz. In addition a few more dykes were found by 
the authors, during the course of their work. 

The dolerite dykes which were investigated, occur in the Cape Peninsula, 
Somerset West, Stellenbosch, Paarl and Malmesbury districts. One, however, 
was found as far north as Lamberts Bay. Altogether eighty-eight separate 
dolerite intrusions (see 'Table 1) are now known to exist in the Western 
Province, thirty-three of which were indicated on maps published prior to 
the investigations by Prof. Scholtz. With the exception of twelve dykes intruded 
into the Malmesbury series, and another six, which pierce the lower portion 
of the T.M.S., all the dolerites in this region are intrusive in the Cape Granites. 


*) The numbers in brackets refer tc the Bibliography, page 61. 
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TaBrg 1. 


THE DISTRIBUTION OF THE WESTERN PROVINCE DOLERITES. 


N N EE GN GE EER 
ee 


Country No.Pre-| No. of | No. of 
Area. District. Loecality. Rock. viously | oecur- ana- Analysts. 
known. | rences. | lyses. 
Hillebrand 
Clifton Granite 1 4 3 Weekes 
Nell 
Llandudno Granite d. 6 1 Weekes 
Sand Bay Granite — D) ke Es 
Chapman's Granite — d Ee T 
Peak Granite 
and 'T.M.S. 1 2 aa ss 
Smitswinkel | Granite 1 1 aa — 
Cape Bay 
Southern Peninsula | Millers Point | Granite 2 2 — ae 
Kirstenbosch | T.M.S. 1 1 — —— 
Newlands T.M.S. 2 B os AE 
Malmesbury 1 1 —— —— 
Three Anchor! Malmesbury 21 9? — — 
Bay 
Valkenburg | Malmesbury 1 1 — — 
Bellville Malmesbury 1 1 — — 
Somerset | Sir Lowry's Granite 13 93 9 Weekes 
West Pass Nell 
Gordon's Bay] Malmesbury 2? 2? — — 
Stellen- Jonkershoek | Granite —— 1 — — 
bosch Muratie Granite 1 1 — — 
Paarl Paarl Mt. Granite —— d 1 Brink 
Klein Dra- Granite — 2 — and 
kenstein du Preez 
Bainskloof Granite — 1 —— — 
Malmes- | Paardenberg | Granite — 17 1 Brink 
bury Altona, Granite and — 2 — — 
Malmesbury 
Riebeek West] Malmesbury — 1 1 de Bruyn 
Northern 
Moorrees- | Skilspadsvlei | Malmesbury — 1 — —- 
burg Rooihoogte Malmesbury —— 1 — — 
Vreden- Cape Colum- | Granite — 1 — — 
burg bine 
Great Pater- | Granite — 1 — — 
noster 
Lambert's] Lambert's T.M.S. —— 1 1 Brink 
Bay Bay 
ToTAL ... 83 88 10 
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Early in 1939 the authors commenced collecting specimens from the various 
dykes and subseguent laboratory investigations were carried out till the 
beginning of 1940. At first the writers worked ijindependently; G. Nell 
concentrating on the dykes of the so-called Southern area, while W. C. Brink 
made a study of the Northern occurrences. (Table 1.) 

The individual researches disclosed so many features common to the 
dolerites of both areas, that the authors considered it advisable to prepare 
a joint publication, in order to avoid unnecessary repetition. 

It is gratifying to note that Prof. Walker in  collaboration with 
Mr. A. Poldervaart, is at present conducting extensive investigations on the 
petrography of the Karroo dolerites, and the authors hope that this short 
paper on the petrography of the Western Province dolerites may also contribute 
to our limited knowledge of the nature of, and relations between the basic 
intrusions in South Africa. 

We are greatly indebted to Prof. D. L. Scholtz of the Department of 
Geology of this University for his guidance and unfailing interest in our work, 
and wish to thank him for having placed his maps at our disposal, and for 
the loan of several thin sections from his private collection. 

Our thanks are also due to Prof. B. van der Riet, who presented us with 
two thin sections, to Mr. A. Keyser for supplying us with samples and thin 
sections of the dyke at Lamberts Bay, and to Mr. M. Slabbert who showed 
us four new dykes at Klipheuwel and Moorreesburg. Also to Prof. F. Walker 
we wish .to extend our sincere thanks for placing at our disposal some of his 
yet unpublished chemical analyses of Karroo dolerites for comparative purposes, 
and to Messrs. Murray, de Bruyn and du Preez, senior students of this 
Department, for conducting a few partial and complete analyses of the Cape 
dolerites. 

Lastly we wish to thank Mr. and Mrs. W. D. de Waal of Paardenberg for 
their hospitality during our field investigations in that area. 


2. THE GEOLOGY OF 'THE DOLERITE INTRUSIONS 


In the Cape Peninsula most of the dolerite dykes are found just above 
the shore-line, where the granite is well exposed, but at greater elevations 
the granite is generally covered by talus derived from the overlying TMS. 
Along the west coast of the Peninsula they occur from Sea Point to Chapmam's 
Peak. On the beach at Clifton four narrow and parallel dykes are seen to 
traverse the granite in a general W.N.W.-E.S.E. direction. One or more of 
these may eventually be proved to be a continuation of the dyke occurring 
at the Round House, Kloofnek, originally described in detail by E. Cohen (8). 
Between Camp's Bay and Llandudno six more dykes, mostly exposed in road- 
Ccuttings, are to be found in granite. 'The outcrops of the majority of the 
dykes found in the road-way are buried under rubble, reappearing only at 
the water-line. 'The southernmost member of this group can be traced from 
the shore at Llandudno up to the road-cutting in Little Lioms Nek. Beyond 
this point it disappears under overburden. 'The outcerops of the dyke can 
be followed for approsimately one and a half miles and is thus the longest 
dyke known in the Cape Peninsula. 

To the north of Karbonkelberg on the southern shore of Sand Bay two 
dykes occur in granite, and south of Hout Bay on the Chapmam's Peak Drive, 
six more dykes were found in road-cuttings. 'These dykes are so badly weathered 
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Diagram 1. Generalised geological map of the northern portion of the Cape Peninsula, 
showing the distribution of the dolerite dykes referred to in text. (After D.L. Scholtz (27)) 
Dolerite dykes (numbered heavy black lines. 'TMS. (wide-spaced vertical Tuling). 
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ruling). 


33 


that samples from only two of them yielded satisfactory thin sections, Vviz. 
Nos. 14 and 15 (see Diag. 1). Dyke No. 14 was observed to pierce the lower 
shales of the T.M.S. for a vertical distance of about a hundred feet. Dyke 
No. 15 can be seen to penetrate the basal shales of the TM.S. for approzimately 
25 feet; the intrusion swelling near its summit (cf. 12, p. 40). 


Along the eastern shore of the Peninsula only three dykes were found, 
one at each of the following localities: Smitswinkel Bay, Millers Point and 
just south of Simonstown. 


In general these dykes are exposed for only short distances along their 
strike, varying in length from a few feet to fifty yards, the Llandudno intrusion 
already mentioned, being the only exception. ln width the dykes vary from 
five to fifty feet, most of them, however, having an average width of twenty 
feet. 'The majority of these dykes trend in an approsimately parallel direction, 
the strike varying from SA0oE. to S10E. 

Where they are exposed in road-cuttings the dolerite is more weathered 
than the granite into which it is intruded. Fresh samples could in most 
cases be collected where the dyke outcrops enter the sea. 

Veins were found in the dolerite of one of the dykes occurring on the 
beach at Clifton. 'These veins often attain a width of nearly an inch and 
is sometimes seen to pinch out altogether. 'They cut the dyke in an irregular 
manner, are jet black in colour, and show chilled selvages in contact with the 
dolerite. Veins of a similar basaltic appearance are found to be intruded into 
the large dyke at Llandudno, but as no fresh specimens of these could be 
found, a microscopical determination could not be carried out. 

On the western slope of 'Table Mountain three more dykes are known 
to penetrate the basal shales of the TM.S., viz. the one on the western side 
of the Nursery Ravine above Kirstenbosch, and two in the Newlands Ravine. 
(GPN12 pp 405) 

Dykes cutting the Malmesbury Series are known to ersist along the shore 
at Three Anchor Bay, at Valkenburg, Mowbray and in the Hume Pipe Co. 
duarry at Bellville, the last named one striking in a south-easterly direction. 

In the vicinity of Somerset West, the dykes occur in a tract 10 to 15 
Sduare miles in area, in the southern portion of the Louwrens River valley 
and immediately to the west and north-west of Sir Lowry's Pass. They are 
intrusive into the granite constituting the foothills and lower slopes of the 
Hottentots Holland Mountains. 'The precipitous clifs of T.M.S. tower above 
the comparatively gentle slopes formed by the underlying granite. As is 
usually the case elsewhere, the T.M.S.-granite contact is hidden by a deep 
layer of talus. Where the granite is exposed, the dykes are relatively easy 
to locate and outcrops may be traced in several cases for more than a mile 
along the strike. 'The dykes all trend in the same general direction, varying 
from EA1O0oN. to E.5oS. Altogether there are at least twenty-three dykes in 
this parallel swarm, exposed portions varying in length from about a hundred 
yards to more than a mile, and they average about 30 feet in width. 

The dolerite intrusions are more resistant to weathering than the 
surrounding granite and stand out as low bush-clad ridges. As they strike 
almost due east towards the mountains, they can be seen duite a distance 
away as indistinct ridges going up and sometimes crossing mountain spurs. 
Higher up along the mountain slopes these dykes disappear under a layer 
of seree which, unfortunately, conceals the granite-T.M.S. contact. 
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Along the beach immediately to the north of Gordoms Bay, two more 
dolerite dykes were found intrusive into vertically tilted rocks Of || the 
Malmesbury Series. Here the exposures are poor, but they also appear to 
conform in direction of strike to those dykes described above. In the brick- 
fields guarry about two miles to the east of Gordon's Bay, boulders of dolerite 
are found in the clays, derived from the highly altered Malmesbury slates. 
This points to the close prozimity of one or more dolerite dykes, possibly the 
continuations of those occurring along the shore. 

In the Northern area it is sometimes difficult to locate the dykes as they 
neither give rise to distinct topographical features, nor support a characteristic 
type of vegetation. 

In the Stellenbosch district two intrusions were found in granite. 'The 
first one, a very narrow dyke, is only exposed in the stream bed of the 
Eerste River, a hundred yards or so below the Second Waterfall in the 
Jonkershoek Valley. 'The other one is the Muratie dyke described by S. J. Shand 
(29). He states: “This dyke is many yards wide, but its margins are covered 
so the exact width could not be ascertained; it cuts coarse porphyritiec granite.” 
Mr. B. F. Snyman of the Geological Survey informed us that, during the 
course of a geophysical reconnaissance in this neighbourhood, he managed 
to trace this dyke at intervals for a distance of two miles. 


In the granites of the Paarl district seven dolerite dykes are known to 
exist. Four of these were found in Paarl Mountain, two in Klein Drakenstein 
and one in Bainskloof. Of the Paarl Mountain dykes, the one on the farm 
Silver Hills is the most prominent and the outerop, about 20 feet in width, 
can be traced for a distance of more or less 75 yards in an approximately 
north-south direction. The larger of the two dykes in Klein Drakenstein 
outcrops at intervals over a distance of a hundred yards in an ESE. direction. 
Only scattered boulders of the other one were found in close prozimity to 
the first. 

The dykes in the Paardenberg granite in the Malmesbury district, about 
twenty in number, are narrow, rarely exceeding five yards, but usually a yard 
or two in width. In general these dykes are short; the outerops being ezposed 
over distances varying from fifteen to fifty vards. A noteworthy exception 
to this general rule is the intrusion which was located in a N.-S. kloof above 
the farm Discordia. 'This dyke is ffteen yards wide and about a hundred 
yards long. 

Although the dykes occur in a relatively small area their directions of 
strike are variable and disclose no trace of parallel or radial grouping. 

The dolerite intrusions of the Northern area are not confined to areas 
underlain by granite as would appear from the fore-going description. On 
the contrary at least five separate intrusions are known to invade the 
Malmesbury sediments. 'Two of these dykes occur on the farm Altona, 
Klipheuwel. 'The larger of the two, partly intruded into sheared granite and 
partly into the surrounding Malmesbury Series, is thirty feet Wide, striking 
N.6oW. for almost half a mile. During drilling operations at Ongegund, 
Riebeek West, another dolerite dyke, of unknown dimensions and intrusive in 
limestone of the Malmesbury Series, was struck in a borehole, whilst two 
intrusions were observed in the vicinity of Moorreesburg, viz. on the farms 
Skilpadsvlei and Rooihoogte (Koringberg) respectively. 

The Skilpadsvlei dyke, 15 feet in width, is exposed over a distance uf 
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200 feet in a direction W.10oS., whereas the Rooihoogte intrusion, which can 
be traced for 300 yards along the strike, is sill-like, and dips at an angle of 
approximately 20% to the north-east. 

To the north-west and north of the above-mentioned locality, dykes occur; 
two in the granite of the west coast at Cape Columbine and Great Paternoster 
respectively, and one in TM.S., which is exposed in a road-cutting near 
Lamberts Bay. 

Two distinct modes of weathering of the dolerites have been observed in 
the Western Province. As has already been stated the dolerites of the Somerset 
West area are more resistant to weathering than the surrounding sranite, 
thus forming rather conspicuous ridges. Where they have been exposed for 
any length of time a grayish-green powdry layer of decomposed material is 
formed on the exposed surfaces of the dolerite rock, and the soil resulting 
from this disintegration is of a dark colour. 

Apart from the good exposures of dolerites in road-cuttings in the Cape 
Peninsula, the presence of most of the intrusions in this, as well as in the 
Northern area, is usually revealed by narrow discontinuous clusters of rounded 
boulders of comparatively fresh rock. Highly weathered outcrops display the 
typical spheroidal exfoliation characteristic of the Karroo dolerites, and such 
outcerops are characterised by dirty reddish-yellow to brownish tints, yielding 
soils of more or less the same colour. 


3. PETROGRAPHY 


The vast majority of the Western Province dolerites are reasonably fresh, 
mediumgrained, melanocratic rocks. In handspecimen the colour usually 
ranges from grayish-egreen to black, the greenish tints being more pronounced 
in specimens containing an appreciable amount of chlorite. 

In the normal evengrained variety of dolerite, especially of the Cape 
Peninsula, the unaided eye is usually able to recognise tiny laths of feldspar 
ranging from 1 to 2 mm. in length in the macroscopically undecipherable 
groundmass. In some dykes of Paardenberg and Paarl Mountain brassy spangles 
of pyrite 2 to 4 mm. in diameter are sometimes visible. Specimens of the 
Simonstown dyke and from the large dyke at Llandudno also Treveal a 
microporphyritie character, but here the phenocrysts consist of olivine as 
well. 

As the feldspars of the Somerset West dolerites attain slightly larger sizes 
—up to 3 mm. in length —the coarser texture may readily be detected in 
handspecimen. Six dykes occurring in this area are strikingly porphyritic, the 
feldspar erystals measuring up to an inch in length. Porphyritic texture was 
also recognised in certain dykes from the Northern area, e.g. one from 
Paardenberg, that from Bainskloof, and the one in Jonkershoek, Stellenbosch. 
In the last mentioned dyke, moderately altered feldspar phenocrysts up to 
half-an-inch in length, are embedded in a grayish-green groundmass. Fairly 
large olivine phenocrysts were observed in only two instances, namely in the 
very finely crystalline dolerite from Clifton, which holds glassy crystals 3 to 
4 mm. in diameter, and in samples from the Lamberts Bay dyke, in which 
small seattered olivine phenocrysts up to 2 mm. in diameter can be recognised. 
In handspecimen this latter intrusive difers appreciably from the rest of the 
Western Province dolerites, owing to the fact that fresh specimens are 
characterised by a brownish black aphanitic matrix. On weathered surfaces 
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of this rock, the only evidence of the original presence of olivine is revealed 
by numerous small depressions infilled with a brownish disintegration product. 
Microscopic examination of this rock shows that some feldspar and pyroxene 
crystals also bear a porphyritic relationship to the very fine groundmass. 

Specimens of the Muratie dyke of Stellenbosch are of a pseudoporphyritic 
nature and this structure may be attributed to the presence of xenocrysts of 
guartz and altered feldspar derived from the granite. According to $S. J. Shand 
(29): “It is more interesting than dolerite dykes usually are, on account of 
the presence in it of a guantity of xenocrysts of dguartz and feldspar derived 
from granite. 'The rock is light grey, of decimillimetre grain and contains 
white spots up to a centimetre in diameter, which appear to be feldspars derived 
from the granite. Besides plagioclase and augite the rock contains brown 
biotite and some interstitial duartz. 'The feldspars are rather unfresh and 
their optical characters cannot be very satisfactorily determined. 'The white 
spots are altered feldspars filled with decomposition products; their irregular 
shape points to their being xenocrysts not phenocrysts. 'The larger fragments 
of duartz are, without doubt, not phenocrysts; each is completely surrounded 
by a shell of augite crystals, a phenomenon which has been observed in other 
cases of reaction between a magma and its xenocrysts. 'Taken altogether, 
these features suggest that there has been an appreciable amount of solution 
of granite by the doleritic magma.” 

As already mentioned a relatively large number of the Peninsula dolerites 
exhibit a micro-porphyritic texture, the micro-phenocrysts, consisting of 
euhedral to subhedral feldspar crystals up to 9.5 mm. in length, are embedded 
in a matrix of varying granularity and crystallinity. 'The majority of the 
dykes, however, are fine- to medium-grained and under the microscope their 
textures were found to be either intergranular or subophitic, but in some 
cases true ophitic textures were observed. It is noteworthy that in certain 
of the dolerites of Paarl Mountain and Somerset West, in which the pYroxenes 
have been completely uralitised, the original ophitic tezture has survived to 
some extent. 


PLAGIOCLASE 


The plagioclase crystals are euhedral to subhedral exhibiting the prismatic 
habit and well developed cleavages parallel to (001) and less commonly parallel 
to (010). 'The majority of the crystals are #fractured to varying degrees, a 
phenomenon Which renders the recognition of true cleavage directions some- 
what troublesome in many instances, particularly so in one of the dolerites 
from Clifton. In thin section this rock is characterised by intense directional 
fracturing, probably due to shearing. It is along such fracture planes that 
incipient alteration is particularly prevalent. Undulose extinction, however, 
was rarely observed in the feldspars. 

While investigating the COmposition of the feldspars by means of the 
Universal stage, the writers also endeavoured to obtain an idea of the relative 
freguency of the various twinning laws exhibited by the plagioclase by 
determining the twinning relationships obtaining in a few arbitrarily selected 
plagioclase individuals in each rock slice. 'The results of this investigation 
EE the fact that Albite, Roc Tourné and Carlsbad in the ratio 9:8:6 
are e principal twinning laws in ninetv- 
Ee EA ety-three cases out of a hundred. 
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Tncorrect representations of the freguency of pericline twins must be 
attributed to the fact that the lamellae are almost invariably too narrow to 
yield satisfactory positions of extinction, and hence were rarely utilised in 
the determination of the composition of the feldspar. Baveno twins, though 
readily recognisable were rarely observed in the sections studied. 

M. M. Solignac (30) was the first to note the freguency of the various 
twinning laws obtaining in the plagioclase of the Karroo dolerites of Basutoland. 
The investigation of approximately 1,000 twinned feldspar phenocrysts revealed 
that 54% were twinned according to the Albite law, followed in order by the 
Carlsbad, Manebach and Roc Tourné laws. In the case of the microlites the 
freguency ratio was changed; 50% of the crystals being twinned according 
to the Carlsbad law, followed in order by the Roc Tourné and Albite laws. 

The optical examination of one hundred arbitrarily selected plagioclase 
twins in the gabbros of the Bushveld Complex by B. V. Lombaard (17) revealed 
the fact that twins according to the Albite law were four times as abundant 
as Carlsbad or Roc Tourné twins; the last mentioned twinning laws being 
edually well represented. 

C. M. Schwelinus (28) in studying the nature of 200 plagioclase twins in 
basic rocks of the Bushveld Igneous Complex, noted that the feldspar was 
twinned after the Albite, Carlsbad and Ala laws respectively in the ratio 
TAPE 

In his investigations on the diferentiated basic intrusions of East 
Grigualand and Pondoland, D. L. Scholtz (26) found twinning after the 
Albite law most prevalent, followed in order by the Carlsbad, combined 
Pericline and Acline, and lastly the Roc Tourné twinning laws. 

O. R. van Eeden (31) recorded that the plagioclase of the Stormberg lavas, 
ranging in composition from 61 to 5% An was twinned after the Albite, 
Carlsbad and Baveno laws respectively in the order 10:7:38. He also 
investigated three dykes and one sill of Karroo dolerite in the Bethlehem 
district. Of the 18 feldspars examined by him, eight were found to be Carlsbad, 
five Roc Tourné and four Albite twins. 

L. J. Murray and A. M. J. de Swardt (19) note that 92% of twinning laws 
of plagioclase in the Paardekop sill consists of Albite, Carlsbad, Pericline- 
Acline and Roc 'Tourné twins in order of abundance. 

If the above data are tabulated as in 'Table TITA, it is evident that 
Albite twinning is the commonest, followed in order of abundance by Carlsbad, 
Roc Tourné and combined Pericline-Acline laws. 
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A comparison can now be made with results obtained by research workers 
in the case of some European TOCks. G. Paliuc (21) when examining 
plagioclase, ranging in composition from 40% An to 90% An, from Rumanian 
dacites and andesites, found that in 352 cases out of a total of 431, twinning 
took place according to the Albite, Acline and Carlsbad laws in the ratio 
al 1. 

E. Wenk (89), examining andesite-basalts and andesites from Rumania, 
observed plagioclase, which varied in composition from 40% An to 100% An, 
to be twinned in order, after the Albite, Carlsbad, Pericline-Acline and 
Roc 'Tourné laws. 

Although H. Weiseneder (38) made only 35 separate determinations on 
plagioclases in trachydolerite, he found twinning most freguent after the 
Albite law, and followed in turn by the Ala and Pericline-Acline laws. 


If we combine the above statistics in 'Table ITIB., it is obvious that 
twinning after the Albite law is most freguent, followed by the Acline- 
Pericline, Carlsbad and Roc Tourné laws respectively. 

Comparing the results of the South African and European investigations, 
as in 'Tables III A. and IIIB, it will be observed that excluding parallel twins 
with [010] as twin axis, the freguency sedguence is identical. In the European 
rocks studied twins of the Acline-Pericline group occupy the second place, 
whereas in the South African rocks these parallel twins as well as the 
edually abundant complex Roc 'Tourné twins are relegated to the third 
position in the freguency scale. 

Zoning in the plagioclase: 'The relative abundance of zoned plagioclase 
erystals, particularly so in the case of the phenocrysts, is a striking feature 
of the W.P. dolerites. By means of the Universal stage the respective 
compositions of the various zones in twinned crystals were determined. Tn 
general this zoning is of the continuous normal type, ie. the inner portions 
or cores have a higher anorthite content than the outer portions or mantles; 
the change in composition being gradational. 

; Sometimes it is found that the outer more sodic zone abruptly succeeds 
a homogeneous and more calcic core. According to J. Phemister (22) the 
sudden release of a small amount of volatile constituents may induce 
precipitation of a more sodic feldspar about a core of plagioclase of inter- 
mediate composition. 

Examples of oscillatory normal zoning were rarely observed and appear 
to be confined to the dolerites of Clifton. In two instances resorbed remnants 
of an original soda-rich core were observed to be enclosed by discontinuous 
Zones alternatively either more sodic or more calcic than the immediately 
preceding zones, which always exhibit the general tendency towards the 
gradual outward enrichment in the albite component. 

Owing to the fact that the outer zones of plagioclase crystals are partially 
developed and not strongly demarcated, it was considered advisable to determine 
the anorthite content of the cores and the outermost mantles of the zoned 
crystals in order to note the mazimum variation in the composition of the 
plagioclase. , 

The anorthite content of the cores of plagioclase crystals investigated, was 
found to range from 50 to 80%. Tn exceptional cases core values as low as 
40% were found in rocks from the Somerset West area, and values as high 
as 90% in the case of some dolerites of the Peninsula. 
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The composition of the mantles ranged from Ab,,An,, to Ab,,ANn,,. More 
basic mantles were seldom encountered, whilst few dykes of the Northern 
area contained plagioclase crystals in which the outer zones held more than 
70% Ab. In almost all thin sections of dolerites small erystals of a second 
generation of feldspar of more or less uniform size, measuring 01 x 0.01 mm. 
are abundantly distributed throughout the matrix. 

This second generation of feldspars, the so-called microlites, from the 
Cape Peninsula dolerites, are invariably twinned and also zoned to such an 
extent, that determinations by means of the U.M. stage could not be carried 
out with great accuracy. In the Somerset West dolerites the microlites are 
So completely altered that microscopic determination of the anorthite content 
was not possible. 

In the Northern area the microlites are also twinned, but not obviously 
zoned. Close inspection, however, discloses the fact that the individuals do 
show slight variation in extinction positions for inner and outer portions. 
Owing to the feebly developed zonal structure, it was possible to determine 
the composition of microlites in only 12 different rock slices. Values varying 
from 38% to 50% An were obtained, the average composition of the feldspar 
microlites being approximately Ab,,An,,- 

Composition of the plagioclase: Owing to the fact that it is practically 
impossible to calculate the ratio of mantle to core in each separate crystal 
individual, and as it would also be difficult to obtain a reliable ratio between 
the volumes of feldspars of the first and the second generation in each thin 
section, the authors, therefore, calculated separate average values for both 
cores and mantles of feldspars present in the dolerites of the Cape Peninsula, 
Somerset West and the Northern area. 


Average composition ( (i) Peninsula Ab,,AN 
of 1 (ii) Somerset West Ab,,An,- 
plagioclase cores ( (ii) Northern area Ab,,Ans- 


Determinations on 300 individuals of plagioclase from dolerites over the 
whole area when averaged according to the general statistical formula 
A, HA, HA, 
N, NN; 
of plagioclase cores. 

The mantle values when calculated in the same way, vielded the following 
averages: 


etc., yielded a value of Ab,,An,,, as being the average composition 


63? 


Average composition | (i) Peninsula AD, AN, s- 
of 4 (il) Somerset West Ab,,An,,- 
plagioclase mantles ( (iii) Northern area Ab,,An,,- 


An average value of Ab,An,., was obtained as being the composition of mantles 
of zoned crystals in the dolerites of the Western Province. 

According to this method of calculating the composition oi the average 
feldspar phenocrysts, they were found to vary from Ab,,An,, in the core to 
Ab,.An,, on the extreme outer border. 

It will be noticed that the average compositions of microlites and outer 
mantles are very nearly the same. Furthermore, whenever it was possible to 
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determine microlites and mantles of the larger crystals in one and the same 
thin section, the compositions of these two were found to correspond fairly 


closely. 

Tt is also interesting to note that by averaging the normative feldspar 
compositions of the various chemical analyses of the W.P. dolerites (Table IV, 
No. 11), a value Ab,,An,, Was obtained, which is closer to the average mantle 
and mierolite compositions of Ab,,An,, and Ab,,An,, respectively, than to the 


average core composition of Ab,,An,s- 

The phenocerysts probably represent crystallisation in the metastable region 
while the cooling of the magma was still relatively slow. Later, however, when 
the magma rose to higher levels in the cooler country rock, the residual magma 
consolidated rapidly in the labile region, accounting for the outermost albite- 
rich mantles about crystals of plagioclase, and simultaneously also for the 
second generation of feldspar of like composition in the form of microlites. 


'The supposition of the early formation of the phenocrysts, is further 
strengthened when thin sections of samples of the tachylite veins intrusive 
into a dolerite at Clifton are examined microscopically. Even in handspecimen 
these veins exhibit a trachytoidal texture; tiny laths of feldspar showing a 
marked parallelism to the contacts of the intrusion. Under the microscope 
the nearly black mesostasis in immediate contact with the intruded dolerite, 
is glassy, indicating rapid cooling, while towards the centre oi the vein, it 
becomes microcrystalline; tiny microlites of feldspar and grains of pyroxene 
appearing side by side. 'The phenocrysts consist of plagioclase, pyroxene and 
serpentine pseudomorphs after olivine. Perfectly idiomorphic plagioclase 
crystals up to 2 mm. in length are arranged parallel to the contact of the 
intrusion. 'There is not the slightest indication of their being partially resorbed, 
as in the case of the plagioclase phenocrysts of the intruded holocrystalline 
dolerite. Without exception these phenocrysts are distinctly zonal. (Oscillatory 
normal zZoning was observed, but mostly it is of the normal continuous type. 
In composition the plagioclase phenocrysts of the veins are identical to those 
of the dolerite, into which these veins are intruded. 'T. Krokstrém (15, p. 179) 
described a similar contact rock from the Hêllefors dolerite dyke, but in this 
case, laths of pyroxene take part in the parallel fluidal arrangement of the 
phenocerysts. 

Only two abnormal types of plagioclase were encountered. The specimens 
collected from Muratie show large insets, the cores of which have a Composition 
of Ab,,An,, corresponding in composition with the plagioclase of the granite 
into which this dolerite dyke is intruded. 'The outer zones of the insets become 
enriched in soda, until the mantles are Ab,,An,, in composition, thus agreeing 
in composition with the microlites of the normal dolerites. In the Muratie 
dolerite the cores of the feldspar insets are resorbed, the rims of these resorbed 
cores being studded with minute inclusions. 'The authors are of the opinion 
that the abnormally albite-rich cores of the insets are also xenocerysts derived 
from the granite country rock. 'The fact that the mantles of the insets are 
of similar composition as the plagioclase crystals of the other dolerites, indicates 
that the dolerite in duestion is of the normal type. 

Insets of feldspar ranging from 0.9 mm. to almost j C 
in thin sections of dolerite from the Lamberts Bay de Er 
and partially resorbed cores. 'These cores show normal continuo Ed 
vary in composition from Ab, An... to Ab An JER j Iy ee 

EEAD AAS e plagioclase surrounding 
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the cores is of uniform composition except in the outer portions, where normal 
continuous zoning is strongly developed, and the composition changes from 
An,, in the inner portions to An,, in the extreme outer mantles. 

Here too, as in the case of the plagioclase of the Muratie dolerite the 
authors are of the opinion, that the exceptionally soda-rich cores, are derived 
from the granite, which presumably underlies the T.M.S. of this area, and 
that these inclusions acted as nuclei around which plagioclase material from 
the dolerite magma was eventually precipitated. 


Zoning is very strongly developed in the case of the microlites, the 
Ccomposition varying from 75% An in the cores to 60% An in the outer mantles. 
The extraordinary high lime content of the plagioclase crystals of this dolerite 
is a striking feature, which distinguishes it from the rest of the dolerites of 
the Western Province. 


Alteration of the plagioclase: Among the observed alteration products of 
the feldspar the following may be recorded: 


(i) Calcite. 'This mineral is present in almost every thin section but in 
variable amounts. Sometimes only small irregular grains can be detected, 
while in some thin sections of dolerites it is rather an abundant secondary 
mineral. ln the Jonkershoek sample, clear crystals of calcite are so large 
that they can be seen in handspecimen. In some thin sections crystals of 
calcite have been observed within larger areas of chlorite or secondary 
hornblende, suggesting that it may be derived from both primary feldspar 
and pyroxene. 


The larger plagioclase crystals are nearly always calcitised, whereas the 
less calcic microlites are comparatively free from alteration. 'The calcitisation 
usually starts in the calcic cores of the plagioclase, but in some thin sections 
entire phenocrysts have been completely replaced by calcite associated with 
some chlorite. 


(ii) Epidote. Epidote was found in the altered zones around the calcite 
crystals. 'This mineral, however, occurs sparsely and in small rounded or 
ragged fragments. ln a thin section of a Paardenberg dolerite a few of 
these crystals, grouped radially, were sufficiently large to permit the deter- 
mination of the optic axial angle, 2V. being from 74% to 769. 

(ii) Saussurite. Saussuritisation is the prevailing type of alteration in 
the feldspars of the dolerites of the Somerset West district, and also in some 
of the dolerites of the Cape Peninsula and the Northern area. 'This type of 
alteration was found to start in the lime-rich cores of the crystals, with the 
formation of sericite, kaolinite and clinozoisite. 'The last-named alteration 
product may sometimes be absent as in the case of some dolerites from the 
Northern area. 


(iv) Chlorite. In the Cape Peninsula the plagioclase of a few dolerite 
dykes, notably those from Clifton, are partially or completely replaced by a 
brownish green chlorite, which in turn may be serpentinised. In one fine- 
grained microporphyrite from Clifton, feldspar phenocrysts, j). ige) PA GagUeOL el 
length and comprising about 10% of the rock, are nearly completely replaced 
by chlorite. The partial chloritisation of feldspars also play an important role 
in the dolerites of the Somerset West area and in those of Paardenberg. 
Incipient chloritisation of the feldspars can be seen to start along fractures 
and cleavages in the feldspar crystals. 
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PYROXENE 


(i) Orthopyrozene: Fresh orthopyroxene was never observed in any of 
the dolerites under consideration. ln a few rock slices from Paardenberg, 
however, several grains of a grayish alteration product characterised by a low 
birefringence and straight extinction were detected and the habit of this 
secondary mineral is such as to suggest that it may be pseudomorphous after 
orthopyroxene. 

(i) Climopyrorene: 'The clinopyroxene is usually found as small crystals, 
usually anhedral but rarely subhedral, from 0.1 to 0.6 mm. in length. 'They 
'are generally interstitial to the feldspars, but in some thin sections they form 
sub-ophitic or ophitic intergrowths with the plagioclase. In the porphyritic 
and microporphyritic varieties of the dolerite, viz. the Lamberts Bay and 
Llandudno dykes, some pyroxene crystals occur as phenocrysts in the fine- 
grained matrix, but the greater proportion of the anhedral pyroxenes are 
seattered throughout the groundmass. 

The pyroxenes are usually colourless to faint yellowish or purplish-brown 
in ordinary transmitted light. In some of the thin sections of Cape Peninsula 
dolerites, especially those of the more weathered dykes, the pyroxenes, although 
fresh, exhibit somewhat darker shades of brown. 

The purplish tints, probably due to the presence of titanium, were typical 
of the pyroxenes from some Paardenberg and Peninsula dykes. In such 
pyroxenes the interference colours are higher than usual and the increase in 
birefringence which may sometimes be observed towards the outer parts of 
the crystals, can be attributed to zonal structure. 

In the majority of thin sections twinning of the pyroxenes was found to 
be rare or even absent. A characteristic feature of some of the dolerites from 
each of the following localities viz. Llandudno, Smitswinkel Bay and Sand Bay, 
on the contrary, is the relative abundance of pyroxenes twinned simply on 
(100). 

The prismatic cleavages (110) and (110) are prominent in the fresh 
pyroxenes and the authors made use of these cleavage directions and #, which 
coincides with the pole of (010), for calculating y/c values in stereographic 
plots, though with indiferent results. 'Twinned crystals, when available, permit 
one to dispense with the use of cleavages, since the slow vibration directions 
are symmetrically orientated with reference to the (100) twin plane, or a 
common crystallographic c-axis, and this method proved to be very satisfactory 
for determining the extinction angles in unstrained crystals. Pronounced 
undulose extinction is, however, a characteristic feature of the pyroxenes in 
many thin sections, and in such strained crystals the following method proved 
to be best. Working on the assumption that the vibration directions should 
be symmetrically distributed on either side of a vertically orientated composition 
face in a twin on (100), the interference tints of the two halves of the twin 
were matched when the composition face was in an approximately vertical 
position. The matching of the interference colours proved to be a very sensitive 
method of adjustment and when the results thus obtained were stereographically 
plotted the position of the composition face in an unstrained crystal was found 
to correspond closely with the theoretical position on the stereogram. 'The 
authors are of the opinion that this method of matching interference tints 
greatly facilitates the measurement of extinction angles, not only in unstrained 
pyroxenes, but also in crystals showing pronounced undulose egtinction 
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Investigations conducted by means of the Universal Stage seem to indicate 
that the optical properties of the pyroxenes in all the W.P. dolerites are subject 
to but slight variation. 'The optical examination of more than a hundred 
pyroxenes of the Cape Peninsula discloses the fact that 2Vy varies from. 439 
to 460. 'The dolerite intrusions just south of Camps Bay proved to be an 
exception to this rule, since two pyroxenes were recognised, in which 2Vy 
was 43% and 48: and the extinction angle y/e 439 and 438.59 respectively. 

Slightly lower values for optic asial angles were recorded in the pyroxenes 
of the Somerset West area, 2Vy varying from 39% to 410. Owing to the 
advanced stage of uralitisation of these pyroxenes and the almost entire absence 
of twinning, the extinction angles of these pyroxenes could not be determined 
accurately. 

In sixty or more determinations carried out on the pyroxenes of dolerites 
from the Northern area, the optical constants were subject to even less variation 
than in the pyroxenes of the intrusions of the Cape Peninsula. 'The.optic 
axial angles range from 43% to 46% and the eztinction angles y/c from 42.59 
to 43.5%. 'The Lamberts Bay pyroxenes afford the only exception to this, 2Vy 
being 56% and the extinction angle y/c 48%. 

The zoning of the pyroxenes, already referred to, was observed in several 
rock slices. It is revealed in the pyroxenes by the increase in birefringence 
from core to mantle and by the difference in extinction positions in sections 
normal to the azial plane. Actual determinations could only be made in thin 
sections from Paardenberg dykes and in those of the Silver Hills dolerite. 
the resultant values for the optical constants being tabulated below. 


Locality. 2Vy y/ C 
Mantle. Core. Mantle. Core. 
i. Paardenberg AE 499 AGS 42.50 429 
ii. Paardenberg od AA ABO 49.59 490 
Sitver Hills  .. 399 439 439 d1.5e 


| ee ee ee ee 


With few exceptions the extraordinary slight variation observed in the 
optical properties of the pyrozenes is suggestive of a general and more or less 
consistent uniformity in the chemical composition, Which is corroborated by 
the chemical data (Diagram IT). 

Distinct dispersion of the pyroxenes was generally observed in almost all 
thin sections,p — v BRefractive index determinations on some of the pyroxenes 
by means of the immersion method yielded the following: 


(i) A colourless pyroxene from Paardenberg. os 169 (4 003) 
B — 1.697 (4 .003) 

(ii) A pale yellowish-prown pyroxene #rom a - 1.696 (4 .003) 
Clifton. B - 1.706 (4.003) 

ys 1.198 (4 .003) 


The optical constants 2Vy, y/e and the refractive indices of the mMONO- 
clinic pyroxenes are diagrammatically represented (diagram JT1) according 


D 
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to the method of Deer and Wager (7). A consideration of the plotted poles 
indicates that, with a few exceptions (see p. 45) there is a Tairly close 
Correspondence between the chemical composition deduced from the optical 
properties (solid eircles) and the composition of the normative pyroxene (open 
circles) in diagram II. 

If the recently proposed scheme of classification of the calcium-, magnesium- 
and iron-bearing monoclinic pyroxenes by H. H. Hess*) is to be adopted, it 
will be observed that the pyroxenes under consideration tend to group in the 
vacant portion of the “augite” field (Diagram IT). 

The existing confusion in the nomenclature oi the pyroxenes renders it 
imperative to adopt a scientific basis of subdivision, and for that reason the 
authors suggest that the original field of Hess be extended to conform with 
the decimal system of classification. Under the circumstances the authors 
propose to apply the term augite to the pyroxenes under discussion. 

On examining a slice of the chilled selvage of a dolerite dyke, immediately 
in contact with the intruded limestone at Ongegund, Riebeek West, it was 
found that microlites of plagioclase (unfortunately too small to permit the 
determination of their composition) are the only crystals of rock-forming 
silicates present in the glassy matrix, thereby clearly indicating that it was 
the first mineral to separate from the dolerite magma. 'Towards the inner 
portion of the dyke, pyroxene globulites can be seen to make their appearance. 
Tt is noteworthy that this observation does not concur with the findings of 
C. N. Fenner in the case of the Watchung basalts as dguoted by N. L. Bowen 
(1, p. 67). According to Fenner: “No matter to what degree glass may be 
present in the slide, plagioclase and diopside appear side by side.” 'This 
statement seems to find support in the case of the tachylite veins intruded 
into a dolerite dyke at Clifton (p. 42). Here plagioclase crystals appear side 
by side with crystals of pyroxene and serpentine pseudomorphous after olivine, 
in a glassy matrix. It must be pointed out, however, that although the feldspar 
Crystals are large, being up to 2 mm. in length, and perfectly idiomorphic, the 
pyroxene crystals are small and badly developed. 

Although no pyroxene was observed in the chilled selvage of the Ongegund 
dyke, its absence cannot be regarded as proof that the feldspar erystallised 
entirely before the pyroxene. ln discussing the physico-chemical aspects of 
the crystallisation of a basaltic magma N. L. Bowen (1, p. 66) expresses the 
opinion that a small amount of either plagioclase or pyroxene will probably 
crystallise from the magma to bring it to a Composition from which both 
plagioclase and pyroxene would separate simultaneously. He also maintains 
that ophitic relationship between plagioclase and pyroxene (a texture also 
observed in some W.P. dolerites) should not be explained as being due to the 
late crystallisation of the pyroxene, but rather as a result of the simultaneous 
crystallisation of the two minerals one of which, viz. the plagioclase, has 
a greater specific tendency to idiomorphism under conditions of rapid TOWER. 

The authors are fully in agreement with this statement. They are of 
the opinion that first of all feldspar starts to crystallise, as was observed to 
be the case of the chilled selvage of the Ongegund dolerite dyke. At a later 
stage of crystallisation feldspar and pyroxene appear side by side as was 


*) H. H. HESS: “Pyroxenes of the common mafic m js j j i 
Vol. 26, No. 9, p. 515, Sept. 1941. “mat ke 


“ j 
ji /Ferrokugite 


Diagram TI. Ternary diagram correlating the optical and chemical characteristics of the 

monoclinie ME-Ca-Fe pyroxenes of the Western Province Dolerites (after Deer and 

Wager (7)). The optically deduced composition of the pyroxenes of the Western Province 

Dolerites (small solid eircles) and the normative composition (numbered white centred 

Circles) are indicated. 'The numbers refer to the chemical analyses (table IV). Red 

Subdivisions represent the modified ternary diagram of the monoclinic pyroxenes 
according to H. Hess. 
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seen in the chilled portions of the tachylite intrusions in the dolerite dyke 
from Clifton. 

Alteration of the pyrorene: 'The pyroxenes in most of the dolerites show 
some signs of alteration, which usually starts in the outer portions of the 
pyroxene crystals, and in some instances the entire pyroxene crystal may be 
replaced by either chlorite, uralite or serpentine. 

(i) Chlorite. A pale green secondary chlorite is the commonest alteration 
product in the dolerites of the Northern area. Chlorite not only replaces 
pyroxene, but is also prominent along cracks as veinlets in feldspar as 
previously described (p. 43). 

The flakes of chlorite are usually studded with grains of EG EES 
magnetite and also occasionally with tiny wedge-shaped crystals of titanite. 
In general the chlorite is characterised by the absence of pleochroism, low 
relief and very low birefringence. 

On account of the occasional presence of penninite, characterised by its 
“ultra blue” colouration under crossed nicols, in association with the ordinary 
light green variety of chlorite referred to above, the writers are of the opinion 
that the chloritic material is of variable composition even in one and the 
same section (p. 51). 

(ii) Hornblende (uralite): Fiprous amphiboles occurring as alteration 
products of pyroxene were found in varying amounts in all thin sections 
of dolerites of the Somerset West district and of most of the dolerites of 
the Northern area. 

This alteration commences along the margins or along cracks in the 
pYyroxene crystals, spreading towards the centre of the crystal, thus yielding 
every stage of replacement of pyroxene by amphibole. 'The masimum amount 
of uralitisation was observed in dykes of Paarl mountain, Bainskloof and 
Somerset West. In specimens of the first two localities in particular, the final 
result of uralitisation is a rock consisting of plagioclase, uralite, some biotite 
and iron ore, the ophitic texture, if present, being preserved to some extent. 
In Somerset West the alteration of the pyroxenes proceeds still further, as is 
revealed by the partial or complete chloritisation of the uralite. 

Determinations by means of the Universal Stage on several suitable 
transverse sections of amphibole in slides from Paarl mountain yielded the 
following optical constants: 


Va, — 769 to 85e 
els 149 to 18e 
Distinct pleochroism was observed: 


oa — colourless to light golden-yellow 
8 - light green to olive-green 
y — light bluish-green to bluish-green 


The absorption is: as f sy. 
The characteristic amphibole in the Somerset West dolerites yields slightly 
different values: 


2Va 602 to 68e 
y/e 209 


II 
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The pleochroism is: 


a — pale green 
B — pale green 
y — pale olive green 


The absorption is: as # sy. 


Sometimes fringing this latter variety of amphibole and sometimes 
occurring within patches of chlorite, a rare type of amphibole was encountered. 
Owing to the minute size of the needle-like cerystals, in which form it sometimes 
oceurs, or to the narrowness of the fringes about the ordinary type of uralite, 
the optic axial and extinction angles could not be determined. It was, however, 
found to be optically positive as well as strongly pleochroic: 


a. — pale yellow 
B yellowish green 
EE deep blue green. 


II 


This is probably an alumina and soda-rich variety of amphibole. A 
similar type of amphibole was observed by Wagner (33, p. 187). 

(iii) Serpentine. In the majority of the Cape Peninsula dolerites a dark 
greenish-brown serpentinous material was seen to replace pyroxene in part. 
Occasionally this serpentine was seen to be secondary after pale greenish 
chlorite, already described. 

A peculiar feature was observed in pyroxenes from two dolerites viz.,, one 
from Clifton and one from Llandudno. Rather fresh pyroxene was seen to 
possess inclusions of a brownish-green material, which is associated with 
dust-like magnetite. (@uite often these aggregates of serpentine exhibit 
idiomorphic outlines, strongly suggestive of the form of euhedral olivine crystals. 
On the other hand, however, the pyroxene was invariably observed moulded 
on to and conforming in crystallographic directions with these “pseudomorphs.” 
Furthermore, the pyroxene is noticeably zoned, the lower interference tints 
shown by the pyroxene immediately surrounding the serpentine. 'This seems 
to indicate that the core of the pyroxene was selectively replaced by the 
serpentine. Tn many instances too, pyroxene crystals characterised by a 
serpentinous core, are also marginally replaced by a similar serpentinous 
product. Under the circumstances it is not clear whether the serpentine 
replaces olivine enveloped by pyroxene, or pyroxene only. 

T. Krokstrém (15) has described alterations of a similar nature in the 
pyroxenes of the Hêllefors dolerite dyke and he maintains that the observed 
mineral association may be accounted for by selective replacement. 


OLIVINE 


With the exception of the Lamberts Bay dyke, in which phenocrysts of 
fresh olivine constituting 5% by volume of the rock, are present in the fine- 
grained matrix, thin sections of dolerites of Somerset West and the Northern 
area are devoid of olivine. 

Although pseudomorphs after olivine were observed in several slices of 
dolerites from Clifton, Simonstown and Llandudno, it was only in the case 


49 


of one thin section of the dolerite from the last-named locality that relicts 
Of fresh olivine could be detected within such pseudomorphous aggregates of 
serpentine. 

The fact that these pseudomorphs are rare or even absent in some thin 
sections while in others they are relatively abundant, indicates that olivine 
was irregularly distributed throughout the dolerites. 'This irregular distribution 
of olivine is also noticeable in a single intrusion. A handspecimen from 
Clifton for example, reveals olivine, yet its thin section contains no olivine. 

Determinations of optical characteristics on the olivine of Llandudno were 
unsuceessful, mainly due to the minute size of the unaltered fragments and 
to the intense fracturing prevailing in these remnants. 

The optic axial angle of olivine of the Lamberts Bay occurrence could 
easily be determined by means of the Universal Stage, yielding the value of 
2Va — 869, Which corresponds with a composition of Fo,,Fa,,. 'This value is in 
fair agreement with the composition of the normative olivine, ie, # Fo,,Fa;- 
(Table IV.) 

In most cases the pseudomorphs referred to above consist of bowlingite 
which still retains the typical outlines of the original olivine crystals. 'These 
Crystal boundaries are slightly curved and suggestive of partial resorption of 
the original olivine. 'The serpentinic mineral varies from yellowish-green to 
dark reddish-yellow in colour, and displays marked pleochroism as follows: 


a — greenish-yellow to pale yellow 
B — clear green to reddish-yellow 
y — green to dark reddish-yellow. 


The absorption is: as # sy. 


A refractive index determination in the direction of the #-axis of one 
of these pseudomorphs vielded a value slightly less than 1.653. 'This, together 
with the high interference colours exhibited, are in agreement with the general 
characteristics of bowlingite. 

In addition to the replacement of olivine by bowlingite, compact fibrous 
aggregates of a green variety of serpentine, characterised by low relief, low 
birefringence, positive elongation, and 2Va practically 0%, was also found to replace 
the olivine of the Lamberts Bay dyke and of some of the other dolerites already 
referred to above. 


ACCESSORY MINERALS 


Biotite: Small guantities of biotite occurring in minute yellowish-brown to 
brown flakes and exhibiting high interference colours, were observed in several 
thin sections of the rocks from the area under discussion. When present, these 
piotite flakes tend to be more abundant in the vicinity of magnetite grains. This 
mineral association was observed by several other investigators, eg. D. L. Scholtz 
(26) and A. Harker (11, p. 108). 

Reaction rims of biotite were also seen about crystals of pyroxene. 'The 
replacement is usually observed about the rims, but advance islands of biotite 
may also be seen within the pyroxene crystals in the Smitswinkel Bay, Clifton 
and some of the Paardenberg dykes. 'The biotite may be altered to a green 
highly birefringent variety of biotite, and finally to chlorite. 

@uartz: G@uartz was found to occur very sparsely in the interstitial material 
in some of the dolerite slices examined. 'The dguartz thus observed is clearly of 
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secondary origin, resulting mainly from the alteration of plagioclase. Primary 
dguartz in the form of mierogranophyric intergrowths with the plagioclase on a 
small scale, were observed cnly in thin sections of the dolerite from Smitswinkel 
Bay. 

Apatite: In only a few sections of dolerites the presence of tiny rounded 
apatite crystals were observed. 

Opague Minerals: Ore minerals may constitute from 4 to 7% by volume 
of these rocks. A definite variation in the content of opadue minerals is evident 
from microscopical examinations. In some thin sections innumerable small grains 
are disseminated through the matrix, while in others, fairly large grains disclose 
a similar sporadic distribution. 

Titaniferous magnetite is by far the most abundant ore mineral and may 
either be of primary or secondary origin. 'The crystals are bounded by well 
developed crystal faces in some instances, but are more usually anhedral grains 
or in the form of reticular aggregates which are usually associated with varying 
amounts of leucoxene. Secondary magnetite dust, an alteration product of 
pyroxene, occurs parallel to the cleavage traces of the secondary minerals, 
e.g. chlorite. 

Tiny wedges and specks of titanite, inlaid in chlorite, were observed in 
several thin sections. 'This titanite is of course purely secondary, resulting 
from the alteration of titanium-bearing pyroxene. 

Small duantities of pyrite occur in most of the rocks, and this mineral 
is a rather prominent constituent of some dykes of the Northern area, eg. 
Silver Hills (p. 35). In thin section pyrite usually forms skeletal aggregates 
resembling the oikocrysts of ophitic intergrowths. 


4. HYDROTHERMAL ALTERATION AND METAMORPHISM 
OF THE DYKE ROCKS 


In the previous chapter the nature of the various alteration products 
derived irom the principal constituent minerals of the dolerites have already 
been discussed. The probable genesis of such products may for convenience 
be considered as alterations of autometamorphic or regional metamorphic 
origin. 

Autometamorphism: 'This type of alteration is typical of the dolerite dykes 
of the Paardenberg area and in those from the Cape Peninsula. 'The feldspars 
are mainly saussuritised, sericitised, calcitised and to some extent chloritised 
and the pyroxenes were either replaced by chlorite or by uralite. Olivine, 
whenever present, was almost invariably found to be completely serpentinised. 

Apart from the saussuritisation, which is a distinctive feature of the 
feldspar phenocrysts of the Cape Peninsula dolerites, sericite as such, was 
sometimes found in close association with caleite and a little aguartz. 'The 
occurrence of sericite as an alteration product of plagioelase is in all probability 
due to the presence of the potash molecule in solid solution in the plagioclase, 
otherwise it will be difficult to account for the 5 to 10% orthoclase revealed 
by the norms. F. W. Clarke (2) believes that the presence of sericite may be 
accounted for by the reaction: 


3KAISL,O, * H,O 4 CO, - KHALSLO,, 4 K,CO, 4 6SIO,. 


He adds: “The potassium carbonate would dissolve one molecule of the liberated 
silica, forming potassium silicate as before. 'The CO, would thus be set free 
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again, ready to assist in further alteration of feldspar ....'The #reguent 
association of the calcite with sericite is an indication that carbonated solutions 
have helped to produce the change. If the alteration took place in the presence 
of both albite and orthoclase, the potassium silicate would probably react upon 
the former mineral or upon its incipient decomposition products, so that 
muscovite only, without paragonite, would be formed. Tn the development 
of muscovite from the plagioclase the presence of potassium-bearing solutions, 
which exchange alkalies with the sodium compounds must be assumed.” 


One of the commonest and most abundant of the secondary minerals already 
referred to is chlorite, which is not only pseudomorphous after pyroxene but 
may also appear along cracks within feldspar or replace entire crystals of 
that mineral (e.g. Clifton dyke). 'This seems to indicate that the chlorite was 
formed by the interaction of feldspar and pyroxene as suggested by F. W. Clarke 
(2, p. 603) and by J. D. H. Wiseman (40). 


The authors also noted that chlorite, usually penninite, occurring in close 
association with plagioclase, is paler in ccelour and less birefringent than that 
which replaces pyroxene. 'This difference is probably due to the fact that the 
former has a higher alumina and lower iron and magnesia content than the 
latter. In this respect it is interesting to note that P. Wagner (33, p. 135) 
also records the presence of two varieties of chlorite in the diabases of Bastern 
Thuringia. L. R. Wager (32, p. 227) describes two different types of chlorite, 
the one type obviously derived from the calcium-carbonate after the pyroxene, 
and the other, a paler green and fibrous variety, which is secondary after 
plagioclase. According to him, “The differences in properties between the 
chlorite replacing the feldspar and that replacing carbonate are not great, and 
are such as might be expected to result from a somewhat greater amount of 
iron in the chlorite after carbonate.” 


Thus the authors believe that the alterations observed in the above- 
mentioned dolerites, are to be attributed primarily to autometamorphism. In 
this connection it is not out of place to recall the conclusions of R. J. Colony (4): 
“The chloritisation of biotite, the actinolitisation of hornblende (or the 
uralitisation of an original pyroxene) are all products of the activity of a solution 
residuum formed in relatively large duantities during the selective crystallisation 
of a basic magma.” 'The dolerite of the Whin Sill appears to be characterised 
by alterations of an analogous nature and L. R. Wager (32, p. 229) points out 
that the alteration is more pronounced along joints in the rocks. 'This he 
attributes to the concentration of the late magmatic solutions along the joint 
planes. Such concentrations of volatiles could not have taken place in the 
Western Province dolerites, due to the feeble development of early jointing. 
Therefore the alterations characterising the rock of any particular intrusion 
appears to be uniform. 

Regional Metamorphism: 'The basic intrusions in the Somerset West area, 
some of those from Paarl and the one from Bainskloof are typified by intense 
uralitisation of the original pyroxenes. Very often the uralite in turn was 
found to be partly or completely chloritised, and the rocks showing all these 
successive stages of this type of alteration are known. 'The feldspars are to 
a great extent saussuritised as well as chloritised. Such changes affecting the 
primary constituents of these rocks can still be ascribed to autometamorphism. 
In addition to these alterations certain other mineralogical changes are apparent 
which can only be attributed to the effect of mild regional metamorphism 
superimposed on the paulopost alterations already mentioned. Biotite (usually 
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chluritised), which is a normal non-essential constituent of many of the dolerites 
under discussion, is developed to a considerable extent in a dolerite from eastern 
Paarl Mountain. Flakes of this minerai disclose a distinct tendency towards 
parallel] orientation in thin section. 'This biotite is seen to develop at the 
expense of the deuteriec alteration products, chlorite and uralite. 

Varying amounts of recrystallised secondary duartz may be observed in 
almost all thin sections of the recks from the dykes from the above-mentioned 
localities. 

Although part of the fibrous uralite after pyroxene, as well as the alteration 
and paulopost products filling cracks in plagioclase crystals in the dolerites 
under consideration, were recrystallised to form a non-fibrous variety of 
hornblende, it is remarkable that the feldspar, on the other hand, does not 
seem to have undergone extensive recrystallisation. 'This is evident from the 
fact that plagioclase crystals, though cleared of saussuritic inclusions, still 
retain their zonal structure and twin lamellae. Recrystallisation could not have 
been very intense as the composition of the plagioclase cores (60 to 70% An.) 
does not differ appreciably from that of the average plagioclase of the Western 
Province dolerites. 'The partial preservation of ophitic textures as well as the 
mineralogical composition seem to indicate that these dolerites have been 
subjected to low-grade regional metamorphism. 

In the Somerset West dykes another peculiar feature was observed. 
Relatively large individuals of a green and strongly pleochroic variety of 
hornplende formed by recrystallisation were observed in the inner portions of 
aggregates of fibrous uralite. In some thin sections, however, these hornblende 
crystals are fringed by kelyphitic borders of a darker bluish-green and very 
strongly pleochroic amphibole (cf. p. 47), presumably a soda- and alumina-rich 
variety. 'These rims may owe their origin to the interaction of the 
ferromagnesian constituents and the plagioclase. 

Tt is interesting to note that apart from the composition of the plagioclase, 
these Somerset West and Paarl intrusions conform fairly closely in mineralogical 
assemblage and degree of alteration, with the low-grade epidiorites described 
by J. D. H. Wiseman (40, p. 857). 

According to the Report of the Committee on British Petrographic 
Nomenclature (37, p. 1388) the term “Epidiorite is retained for unfoliated 
metamorphic igneous rocks of doleritic or basaltic Composition in which augite 
has been replaced by hornblende. It usually occurs in dykes and sills.” 

From the foregoing it is clear that some of the basic intrusions in the 
Western Province should be termed epidiorites rather than dolerites. 

It is believed that all the basic intrusions of the Western Province were 
in the first instance subjected to deuteric (autometamorphie) processes resulting 
in alterations such as chloritisation, saussuritisation etc, as has been pointed 
out above. 

In the Paarl and Somerset West areas, however, subseguent low grade 
regional metamorphism caused the epidioritisation of the dolerites. 'That a 
dynamic factor was active in producing the observed changes is evident from 
the eracks, infilled with secondary material, traversing most of the thin sections 
and sometimes also showing a directional tendency. 'The roughly linear 
arrangement of the biotite flakes in rock slices from the dyke of eastern 
Paarl Mountain is likewise indicative of a directional stress contemporary with 
the metamorphism of some of the mineral constituents of that rock. 

Prior to the Permo-Triassic orogeny, which gave rise to the Cape Folds, 
the pre-Cape rocks (Malmesbury Series and Granite) into which the majority 
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of the dykes are found intruded, were probably overlain by the entire thickness 
of the Cape System. 'This superincumbent load presumably initiated the 
metamorphism. 'The Cape Folding then followed, taking place firstly along 
the N.W.-S.E. Van Rhynsdorp—Ceres hingeline and subseguently along the 
east-west Ceres—Grahamstown axis, producing syntasis in the south-eastern 
portion of the area under discussion. 'The fact that the dykes in the Paarl 
and Somerset West districts are more intensely altered than those of the Cape 
Peninsula, Stellenbosch and Malmesbury districts, may be due to their closer 
proximity to the folded sediments of the Cape System comprising the Hottentots 
Holland and Drakenstein Mountains. 'These localities flank a highly competent 
pre-Cape platform consisting largely of Cape Granite and thermally 
metamorphosed Malmesbury sediments underlying the Cape System. 'This 
rigid platform, which may in part be responsible for the small amount of 
flexuring of the T.M.S. in the Stellenbosch-Cape Peninsula area, may also be 
responsible for the milder nature of the regional metamorphic changes observed 
in the basic intrusions. 

As the dykes are intruded into the lower shales of the T.M.S. and exhibit 
signs of having suffered alteration induced by Permo-Carboniferous Cape 
Foldings, the available evidence seems to indicate that they are older than 
the Karroo dolerites.. 


5. THE CHEMISTRY OF THE DYKE ROCKS 


Up to the present time the only available chemical data concerning the 
Western Province dolerites is an analysis (Table IV, No. 10) of the dolerite 
dyke occurring at the “Round House” conducted by W. F. Hillebrand and 
dguoted by BE. Cohen (3). 

Nine new analyses were made during the course of this investigation and 
the average composition of the Western Province dolerites was calculated. 
For comparative purposes average analyses of Karroo and World dolerite types 
(Nos. 12 and 138) have also been included in Table IV. 

In order to facilitate chemical comparison between the dyke rocks under 
consideration, Diagrams III and V were constructed. In Diagram III the weight 
percentages of oxides as set out in Table IV were plotted against weight 
percentage of silica, and in Diagram V the molecular constants mg are plotted 
against the c/fm ratio. For comparative purposes the positions of twenty more 
recently made analyses of Karroo dolerites have also been included in the latter 
Diagram. 
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Percertage Silica 


position of analysed 


Specimens of Western Province dolerites. 


Diagram 11. Diagram illustrating the variation in chemical com 
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From these diagrams it is evident that, generally speaking, there is a 
remarkable uniformity in chemical composition of the analysed specimens of 
the Western Province dolerites. 'There are, however, a few exceptions which 
will be discussed below. It is also interesting to note that in Diagram III there 
is a striking similarity between the average Karroo and World, and the 
majority of the W.P. dolerites. 

Accompanying the chemical analyses, the normative and molecular values 
which have also been tabulated in Table IV furnish further evidence of the 
uniformity just mentioned. 

An attempt was made to integrate all representative thin sections of 
analysed rocks, but only a few yielded reasonably satisfactory modes, owing 
to the extreme fineness of texture in some and the advanced stage of alteration 
in others. In the attempted integration, however, alteration products presumably 
derived from feldspar were recorded with unaltered feldspar and the alteration 
products of pyroxene were similarly recorded with the pyroxene. Under these 
circumstances a close correspondence of the respective modes and norms can 
hardly be expected. 'The variation in mineralogical composition of the dolerites 
may be conveniently tabulated in the following manner: 


Plagioclase Tanging from 58 to 64% by vol. 


Pyroxene s 25 (os AE 
Ore 5 4to 7a AE, 
@uartz (when present) 1 o9. WEE EE 


The ge values of the analysed specimens varies from 8 to -31, and the 
normative olivine content ranges from (0 to 10% if we exclude analysis NO. 5, 
which is obviously inaccurate. From the foregoing it is clear that in general 
the W.P. dolerites are saturated with regard to silica, though the Clifton and 
Lamberts Bay intrusions which are characterised by the presence of more 
than 5% of normative olivine are in reality slightly undersaturated. 

According to the classification of magma types by P. Niggli (20, p. 360) all 
the rocks under consideration belong to the normal gabpbroic type. 

'There is reason to believe that the bulk of the modal guartz is of secondary 
origin (cf. p. 59). N. L. Bowen (1, p. 74) is of the opinion that if guartz is 
a normal constituent of these basic rocks it will usually separate from the 
magma residuum in the form of micropegmatite. 'This phenomenon was only 
observed in one thin section of a dolerite from Smitswinkel Bay (see page 50). 

As far as the normative composition of the more important essential 
mineral constituents is concerned, it can be added that the plagioclase ranges 
in composition from Ab,,AN, to ADAN ae while the normative anorthite 
content of the calculated average analysis of the Western Province dolerites 
is 51%. (See Table IV, No. 11) The norm calculated from the analysis of the 
Ongegund dolerite dyke (Table IV, No. 8) is characterised by plagioclase which 
is rather more basic than usual, viz. Ab,,An,, and this is probably related to 
the somewhat lower soda content of the rock. It is furthermore noteworthy 
that the normative plagioclases of the dolerites of the Northern area are 
slightly more calcic than those of the Cape Peninsula; which is in accordance 
with the optical data (see page 41). 

The olivine indicated by the norms varies in composition from FO,,F8; 
to FO,,Fa,, Which indicates a rather fayalitic composition. As already 
mentioned the composition of the olivine could only be determined micro- 
scopically in the case of the Lambert's Bay dyke, and this investigation shows 
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that the mineral is somewhat more magnesian (Fo,,Fa,,) than is indicated by 
the norm of that rock. 

For purposes of comparison of the composition of the pyroxenes of these 
dykes, the normative composition of this mineral expressed in terms of 
CaSiO, : MeSiO, : FeSiO, was plotted against extinction and optic axial angles 
on the Diagram II after Deer and Wager (7). Disregarding for the present the 
Composition of the pyroxenes as revealed by analyses Nos. 5, 8, 9 and 10, it 
will be observed that the normative pyroxenes calculated from the remaining 
analyses, tend to group in the augite field (Diagram IT), in reasonably close 
agreement with optical data. Both the calculated and the optically determined 
pyroxenes of the Lamberts Bay dyke fall between the diopside corner and 
the field representing the average normative pyroxenes of the W.P. dolerites 
(see Diagram II, No. 9). 'That this pyroxene is more diopsidic is due to the 
relatively higher lime content of the dolerite; a fact which is further disclosed 
by the more calcic nature of its feldspar (see page 49). Otherwise this dyke 
corresponds closely in chemical composition with the other dolerites (see 
Diagram IV, No. 9) although it difers appreciably from them in handspecimen 
(page 35). 

The normative pyroxene of analysis No. 8 falls in the pigeonite field, whereas 
the optical data obtained, assign this pyroxene to augites. 'This discrepancy 
may be attributed to the high alumina content which increases the proportion 
of anorthite at the expense of the wollastonite molecule in the normative 
pYyroxene. 

In Diagram II it will be observed that the dolerite analysed by W. EF. 
Hillebrand and duoted by E. Cohen (Table IV, No. 10) falls beyond and above 
the main field. 'This anomalous position may be referred to the extremely 
high percentage of total iron and the low magnesia content. 'The abnormally 
high percentage of ferric iron is noteworthy, and furthermore it is remarkable 
that the amount of Fe,O, actually exceeds that of FeO—a relation which is 
highly suggestive of an incorrect determination of the percentage of the former. 


There is good reason to believe that the extraordinary position occupied 
by analysis No. 5 in Diagram II is likewise to be attributed to the standard of 
the analysis. The unusually high ME&O high total alkalies, and rather low silica 
are presumably responsible for the appearance of # 11% nepheline and -# 18% 
olivine in the norm and the marked undersaturated character of the rock. 
Furthermore the composition of the normative pyroxene shows a general lack 
of correspondence with that of the average W.P. dolerite and also with the 
other analysed specimen (Table IV, No. 4) from the same area. As not a 
trace of nepheline or olivine was detected in any of the thin sections of dolerites 
of the Somerset West area, and as the constants calculated from this analysis 
(No. 5) always exhibit a marked deviation from the general trend observed in 
the diagrammatic representations, and are also contrary to the microscopical 
evidence, the authors are of the opinion that the observed discrepancies are 
to be attributed to analytical inaccuracies. 


Tn conclusion it can be stated that, although some deviations occur in 
the chemical data of a few dykes, which have reasonably been accounted for 
the authors are of the opinion that the Western Province dolerites are chemically 
of the same general type, and that the correspondence in chemical and optical 
data is such as to justify the conclusion that they originated from one and 
the same parent magma. 
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6. A COMPARISON OF 'THE WESTERN PROVINCE 
DOLERITES WITH KARROO AND WORLD TYPES 


The dolerites of the Western Province are discordant dyke intrusions with 
the probable exception of the Koringberg occurrence (p. 34) which seems to 
be a sill-like intrusion. Unlike the Karroo dolerites they rarely give rise to 
prominent topographic features or persist for distances of more than a few 
hundred yards. 

In handspecimen there is no striking difference between the two types 
of basic intrusive material, although the W.P. dolerites, especially the highly 
altered ones, may be slightly greener in colour than the Karroo dyke rocks, 
and generally speaking the latter appears to be more coarsely crystalline. 

Microscopically the Karroo dolerites are generally believed to be typically 
ophitic, but in the dolerites under discussion, intergranular to subophitic 
textures tend to predominate. Both magmas appear to have been characterised 
by the same degree and range of saturation with regard to silica. 

The average plagioclase of the W.P. dolerites appears to be less calcic 
than that of the Karroo dolerites of Basutoland investigated by M. M. Solignac 
(30), whose diagram is reproduced below (Diagram IV). His calculations and 
graph indicate, that the average anorthite content of the plagioclase is 68.8%. 
The plagioclases of the Karroo dolerites of the Calvinia district, studied by 
F. Walker and A. Poldervaart (35) also yield a higher average anorthite content 
(viz. 68%) than those of the Western Province dolerites. 
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Diagram IV. Observed (stippled) and calculated (continuous) curves illustrating the 
average composition of the plagioclase in dolerites from Basutoland (after Solignac (30) ). 


As has already been stated (p. 44), orthopyroxene which is often present 
in Karroo dolerites, has not been observed in the dolerites of the Western 
Province. A single generation of clinopyroxene of comparatively uniform 
composition characterises these dolerites, whereas three or more generations 
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differing appreciably in composition and optical properties have been recorded 
in many of the recently investigated Karroo intrusions (19, and 34 — 36). Mile 
pigeonites and exsolution segregations of diopside were never observed in any 
of the thin sections studied. 
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Diagram V. Graph representing the molecular ratios c/fm and mg of ten Western 

Province dolerites (black-centred circles) and fifteen Karroo dolerites (white-centred 

circles). 'The small solid black numbered ecircles represent the corresponding molecular 
ratios calculated from the following average analyses: 

Average composition of fifteen Karoo dolerites. 

Average composition of twenty 'World dolerites (6). 

Average composition of six Whin Sill dolerites (14). 

Average composition of twelve Palisade diabases (34). 

Average composition of eight Scotiish tholeiites (6). 

Average composition of eleven Deccan basalts (6). 

Average composition of ten Western Province dolerites. 
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'The degree of alteration and metamorphism appears to provide a useful 
means of distinction and incidentslly also affords an indirect criterion of the 
relative geologic ages of the basic intrusions in the Karroo and the Western 
Province. Recent petrographic studies seem to indicate that the Karroo 
dolerites are, generally speaking, fresh and comparatively unaltered. On the 
other hand thin sections of carefully selected samples of the W.P. dolerites 
seldom fail to disclose evidence of distinct and often pronounced alteration 
under the microscope. 
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A graph (Diagram V) based on the molecular ratios mg and c/fm seems 
to provide the best and most convenient method of distinguishing between 
these two types of dolerites. In the preparation of this diagram, fifteen of 
the newer and more reliable analyses of Karroo dolerites were utilised. 

Some of the older Karroo analyses guoted by A. L. Hall (10) are characterised 
by unusually high Fe,O, and very low FeO percentages. In these analyses 
Fe,O, varies from 5.98 to 12.66% and FeO from 2.85 to 6.49%, while in the 
newer analyses Fe,O, varies from 0.07 to 2.04% and FeO from "7.90 to 11.76% 
The nature of the variation between the older and the newer analyses is such 
that the results cannot be reconciled, and the disecrepancies can only be ascribed 
to faulty or obselete analytical methods. For this reason all the older analyses 
open to auestion have not been utilised. 

A consideration of Diagram V reveals two distinct and well defined fields 
having the diagonal AB as mutual! boundary. 'The field occupied by the molecular 
ratios of the W.P. dolerites is delineated by the points .25 and .65 for mg, and 
40 and .55 for c/fm, while the Karroo dolerites fall in the field bounded by 
Hd amd 6 jor 70 and and % tor ef 

For the purpose of further comparison the same molecular ratios have 
been computed for several other average magma types. It will be observed 
that the Palisade and the Scottish tholeiite magma types fall in the Karroo 
dolerite field, while the molecular ratios of average analyses of Whin Sill 
dolerite, World dolerites as well as Deccan basalts are seen to group in the 
W.P. dolerite field. 

'The writers are of opinion that this method of representation provides the 
most useful criterion of distinguishing between Western Province and Karroo 
dolerites on a chemical basis. 
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A NEW OCCURRENCE OF 
NICKELIEEROUS 
ORE IN THE BUSHVELD COMPLEX 


By 
Pak EE ES YNIB Sc 


ABSTRACT 


The petrographic investigation of a borehole core from Middel- 
laagte 997, Rustenburg district, located in the Critical Zone of the 
Bushveld Complex, below the Merensky Reef, revealed a peculiar suite 
of mineralised rocks, comprising hortonolite-dunites, hortonolite- 
wehrlites and peridotites, which unlike the normal rocks of the 
Critical Zone are characterised by the absence of orthopyroxene and 
the presence of considerable amounts of hornblende. Chemically and 
mineralogically these rocks appear to be related to the hortonolite- 
dunites of the Bushveld Complex, 

Sulphides occur only in wehrlites and dunites and three distinct 
Zones of mineralisation, at different levels are recognised. 

The mineragraphy of the nickeliferous-pyrrhotite ore is discussed: 
pyrrhotite sometimes 'graphically' intergrown with a nickel-poor 
variety of pentlandite; primary and secondary pentlandite; two 
generations of valleriite mostly restricted to the pentlandite; chalco- 
pyrite associated with lamellar and irregular varieties of cuban te; and 
magnetite, were recognised. 

Paragenetic studies suggest that some pentlandite commenced to 
crystallise before pyrrhotite and that valleriite probably Treplaces 
pentlandite and chalcopyrite. 

The Middellaagte ore is chemically and mineralogically compared 
with other nickeliferous-pyrrhotite ores from South Africa and North 
America. 'The trend of differentiation of the nickeliferous-pyrrhotite 
ores is also discussed. 
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1. INTRODUCTION 


The substance of this paper is the resuit of the laboratory investigation of 
a suite of samples obtained from a borehole core lying at grass, near the 
north-eastern corner of the farm Middellaagte 997, in the Rustenburg district, 
Transvaal. 'The borehole was sunk in mineralised, undisturbed basie rocks of 
the Bushveld Complex and the available field evidence seems to indicate that 
it penetrated the upper part of the Critical Zone below the Merensky Reef 
(exposed in a trench) and above the Middle Chrome Horizon. 'The exact 
pseudostratigraphic horizon of the Complex pierced by the borehole cannot be 
stated since the rocks comprising the core provide no clue and too little is 
known of the nature and effects of displacements occurring in the neighbourhood 
of the farm Middellaagte. 

The suite of samples under consideration was collected by Dr. D. L. Scholtz 
early in 1937, probably several years after the borehole core had been laid out 
and though portions had been removed from time to time, the owner of the 
farm assured him that the succession had not been disturbed. For convenience 
the core log may be set out as follows: 


Appr. Depth. Rock Type. Remarks. 


457 50: Hortonolite-dunite. More than 95% olivine, approxi- 
mately 1.5% pyroxene, less horn- 
blende than pyroxene, little sulphide 
ore. 

(See analysis (4), Table IV A.) 


50 — 68” Er EE RA ER FA E. Olivine predominant, with accessory 
pyroxene and hornblende. 
Less than 20% of disseminated ore. 


EE Slight serpentinisation in vicinity of 
E ore. 
Es 
63 — TO sg 8 Olivine predominant silicate, present 
% in lesser amounts than before 
8, 3 (approximately 67%) and correspond- 
5 s ing greater reduction in amount of 


pyribole. Maximum  concentration 
of ore, 95% — 82%. 
(See Table IT) 
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Appr. Depth. 


10 — 94 


Rock Type. 


Remarks. 


Hortonolite-wehrlite. 


Olivine still predominating but 
present in greater amounts than in 
Upper Zone of Mineralisation. 
Pyroxene and hornblende more 
abundant than in mineralisation 
Zone. Little ore. 

(See analysis (16), Table TV A) 


94' — 100 


Middle Zone 


of 
Mineralisation. 


100 — 114 


EE 


114 — 128 


Upper 
Peridotitic 


Zone. 


Hortonolite-dunite 
to 


Hortonolite-wehriite. 


Olivine abundant, approximately 
72%, pyribole approximately 8% 
(more than in the Upper Zone of 
Mineralisation). Less than 20% 
sulphides. 


Hortonolite-wehrlite. 


Olivine still the dominant mineral, 
percentage pyroxene and hornblende 
gradually increasing on approaching 
the peridotitic zone. Little ore. 


Peridotite. 


Pyroxene predominating, less abun- 
dant olivine and hornblende. Little 
ore. 


128 — 165 


165 — 174 


174 — 185 


Hortonolite-wehriite. 


Lower Feebly 


Mineralised 


Zone. 


Hortonolite-dunite. 


Amount of olivine increases abruptly 
to more than 80%, decrease of 
pyribole content with increase of 
olivine. Little ore. 


Olivine predominating, little pyri- 
bole. Disseminated ore less than in 
Middle Zone of Mineralisation. 


Lower 
Peridotitic 


Zone. 


Peridotite. 


Pyroxene predominating, according 
to the norm approximately 65%, 
olivine 26%. Little sulphide. 

(See analysis (19), Table IV A) 


From the above table a concentration of olivine is perceptible above and 
below the mineralisation zones. A maximum concentration of olivine seems 
to appear immediately above the mineralisation zones, indicating the close 
association of olivine and ore. Only the hortonolite-dunites and hortonolite- 
wehrlites are mineralised whereas the peridotites are relatively feebly mineralised. 
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2. THE PETROGRAPHY OF 'THE SILICATES AND ORE 


A. (1) THE MINERALOGY OF THE ROCK-FORMING SILICATES 


Three different holocrystalline, melanocratiec rock-types are distinguished, 
jortonolite-dunites, hortonolite-wehrlites and peridotites, all being characterised 
by a coarse evengrained, granitoid texture. Macroscopically, no conspicuous 
textural variation is apparent but under the microscope pyroxene and olivine 
crystals in the wehrlites and dunites appear to be orientated with reference 
to the plane of pseudostratification. TInterstitial hornblende may appear in 
Optically continuous crystals, a few centimetres in diameter. 


Olivine 


Individual grains of olivine vary in size from less than a millimetre to more 
than 3.5 cm. and the largest olivine cerystals occur in the hortonolite-dunites 
and wehrlites. 'The habit of the olivine erystals varies from hypidiomorphic 
in the wehrlites and dunites to allotriomorphic in the peridotites. 'The anhedral 
and embayed forms exhibited by the olivine in the peridotites may be ascribed 
to resorption subseguent to its erystallisation from the magma. In the wehrlites 
and dunites the effect of the corrosion is less marked. 

In thin section the interrupted traces of the (010) and (100) cleavages can 
nearly always be seen, and sometimes the olivine may be characterised by a 
peculiar form of columnar undulose extinction as a result of strain. Analogous 
phenomena were also described by C. M. Schwellnus (12) in the olivine of the 
Vlakfontein area. In the dunites and wehrlites the olivine was found to be 
the iron-rich variety hortonolite, in which 2Va ranged from 70% to 76%. 'The 
measured axial angles indicate that it varies in composition from Fo,,Fa,, t0 
FO,,Fa,,. The composition of the normative olivine is Fo,,Fa,, (see Table IV CO) 
and the higher iron content may be attributed to the presence of minute 
guantities of sulphide in the samples selected for analysis and also the presence 
of hornblende not accounted for by the norm. The olivine shows distinct angular 
dispersion with p— v- j 

A more magnesian variety of olivine is present in the peridotites. Optical 
*nvestigation indicates that 2Va ranges from 80% to 890 denoting a variation 
in composition from Fo,,Fa,: tO Fo. Pase According to the norm (Table IV O) 
the composition of the olivine is Fo,,Fa,,. Owing to the fact that the olivine 
grains appear to be orientated, the axial angles could not be measured directly 
in certain sections, so that birefringence methods were employed. 'The results 
obtained were checked by determining the refractive indices by means of the 
immersion method. 

Generally speaking the olivine is remarkably fresh, but when in contact 
with the sulphide ore it may be locally transformed into serpentine varying 
in colour from pale green to yellowish green. 'The rim of serpentine bordering 
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the ore is generally only a fraction of a millimetre in width and tapering veinlets 
of this mineral may be seen exploiting the cleavages and cracks in crystals, 
or penetrating along the contact between adjacent olivine crystals. The tapering 
veinlets of serpentine are usually associated with secondary iron ore and are 
observed to follow the cracks while approximately perpendicular oifshoots may 
be seen to exploit directions of cleavage. When hornblende in contact with 
the ore envelops olivine a peculiar aurora-like collar of an alteration (or 
reaction?) product up to 2 mm. in width, is observed along the hornblende- 
olivine contact. 'The alteration product which may be serpentinous replaces 
the olivine only, and along a definite crystallographic direction other than that 
of the visible cleavages, and its inward termination is irregular and finely 
fibrous. '(Generally speaking, however, even in the vicinity of ore the olivine 
is only feebly serpentinised and the maximum length of any serpentine veinlet 
did not exceed 3 mm. in the rock slices studied. Only rounded grains of olivine 
in the massive ore have been observed to be completely serpentinised. 
Serpentinisation of the olivine has also been observed to be restricted to the 
upper and most important zone of mineralisation. 

The olivine is also directly invaded along cracks and cleavage directions 
by the ore, proving the earlier crystallisation of the olivine. 


Orthopyroxene 


This mineral is known to be a prominent constituent of the rocks 
comprising the (Critical Zone of the Bushveld Complex. According to 
B. V. Lombaard (8) and C. M. Schwellnus (12) this mineral may be readily 
recognised when suitably orientated in thin sections, by the characteristic (100) 
lamellation. 'Though the writer exercised particular care in the determination 
of the pyroxenes by means of the Universal Stage no orthopyroxene appeared 
to be present in specimens from the Middellaagte borehole. In numerous 
instances the intermediate refractive index was also determined in order to 
check other optical data, and the fact that mineral slices open to duestion 
never returned values for # lower than 1.15 — 1.16 proved the doubtful mineral 
to be olivine and not orthopyroxene. 


Clinopyroxene 


In the wehrlites and hortonolite-dunites clinopyroxene was found to be the 
next most abundant mineral after olivine but in the peridotites underlying the 
dunites and wehrlites, it is the dominant mineral constituent. (Clinopyrozene 
also attains relatively large dimensions, grains up to 2 cm. in length were 
observed in the peridotites. In the wehrlites and dunites the pyroxene is usually 
interstitial to the olivine. In the peridotites the clinopyroxene attains its 
largest dimensions and occurs typically in subhedral and prismatic crystals. 
In some rock slices, particularly in the case of the wehrlites and dunites, only 
longitudinal sections of pyroxene, displaying a well-developed prismatic cleavage, 
are present. 'The apparent absence of basal sections of pyroxene in such 
slices may be attributed to the characteristic preferred orientation of the 
crystals. 

The diallagic parting parallel to (100) and a parting parallel to (010) are 
often visible. 'The schiller structure is sometimes well-developed especially in 


the pyroxene of the peridotites. Occasionally twinning parallel to (100) was 
Oobserved. 
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 Optically, the clinopyroxene was found to belong to the Diopside-Hedenbergite 
Series and it varies in composition from practically pure diopside Di,He 
(2Vy — 60%, w/e — 40% in the peridotites, to the salite variety Di, Hê. t) 
Di He. (2Vy — 600 — 619, y/c — 440 — 450) in the wehrlites and the hortonolite- 
dunites. 'The variation in composition of the clinopyroxene as obtained from 
optical data has been checked by refractive index determinations. 

The pyroxene is invaded and marginally replaced to a large extent by 
hornblende. It is also corroded and invaded by the ore and when the sulphide 
is abundant, the pyroxene attains a minimum development. 


Hornblende 


Throughout the succession the hornblende has been found to be present 
in subordinate amounts to the clinopyroxene and in the peridotites hornblende 
is more abundant than olivine. Hornblende crystals appear to attain 
exceptionally large dimensions, a single brown hornblende crystal 41 x 1 sg. cm. 
was observed macroscopically in the hortonolite-dunite of the 45 level. `Well- 
developed prismatic cleavage traces were invariably present. 'The hornblende 
is distinctly pleochroic with: 


a pale yellowish-pbrown to greenish-brown 
ê ereenish-brown to reddish-brown 
y reddish-brown to red-brown 


The absorption formula is as # “sy, while 2Va ranges from 78% to 86%, and 
y/c from 15% — 19%. Crystals of hornblende may occasionally be rimmed by a 
pale almost colourless and non-pleochroic variety characterised by similar axial 
and extinction angles. 

Hornblende is commonly found to replace pyroxene, and the structure of 
the latter appears to have exercised a certain measure of control on the 
Crystallographic orientation of the former. In addition to the usual reaction 
rim of hornblende about a single crystal of diopside, the substance of the latter 
may also be extensively invaded and replaced by the former. Replacement 
appears to have been effected along directions of easy access such as prismatic 
cleavages, partings, etc. and the entire mesh and rim of amphibole is found 
to extinguish simultaneously under crossed nicols. Pyroxene crystals simply 
twinned on (100) may also be replaced in a similar fashion by simple hornblende 
twins, the composition face of the former coinciding with that of the latter. 
Further investigation revealed the fact that the b and c crystallographic axes 
of amphibole and pyroxene coincide. 'There can be no doubt that the hornblende 
crystallised later than the pyroxene whose resorbed substance, no doubt, 
contributed in part to the formation of the hornblende. 'The complex relation 
between pyroxene and amphibole may be regarded as a parallel replacement. 

When hornblende is found in close proximity to the ore it has been observed 
to have a less pleochroic mantle, surrounding a more intense pleochroic core. 


ACCESSORY MINERALS 


Feldspar 


A few small interstitial grains of feldspar, up to 5 mm. in diameter, though 
not observed in thin sections, were visible in hand specimens. A few grains 
were detached from the samples and the value of alpha was determined, 
yielding 1.568 (4 .002), indicating a mineralogical composition of Ab,,An;,- 
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Phlogopite 
A few flakes of phlogopite up to 1 cm. in length, with intense pleochroic 
haloes about included zircons, have been observed partially replacing hornblende. 


Chlorite 
A little chlorite has been observed as an alteration product of olivine, as 
well as one crystal of penninite with strong dispersion, p — v. 


(2) THE CHEMICAL COMPOSITION OF THE ROCKS 
A hortonolite-dunite from the 45'—50' level, a hortonolite-wehrlite from the 
70'—94' level and a peridotite from the 175'—184' level, relatively free from 
sulphides, were selected for chemical analysis. (See Table IV A) 
A modal representation of the rock constituents was not attempted, owing 
to the coarse-grained tezture of the rocks. While conducting the maceroscopic 
integration of the opadue minerals on polished slabs of mineralised rock, the 
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Diagram 1. Differentiation diagram (molecular values) of the Middellaagte rocks 
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writer endeavoured to distinguish between bpyroxene and olivine, and the 
approsimate volumetric proportions of these two silicates have been included 
in Table 1. 

The microscopic investigation of the rocks under consideration, revealed 
the presence of three principal rock types. 'The different rock types have been 
named according to the @uantitative System of A. Johannsen (6). 
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(8) Hortonolite-dunite. 'This rock is characterised by the presence of more 
than 95% olivine when ore-free, and less than 5% pyribole. 

(b) Hortonolite-wehrlite, being characterised by the presence of #rom 
95% —50% olivine, and the ratio of pyroxene to amphibole as 95 : 5. 'The pyribole 
content of these wehrlites from Middellaagte appears to fluctuate and the 
wehrlites may grade imperceptibly into hortonolite-dunites, containing less than 
5% by volume of pyribole. 

(c) Peridotite, characterised by the presence of 95% —50% by volume of 
pyribole and 5% —50% by volume of olivine, when ore-free. 

In the proposed diagram (Diagram 1), the molecular values al, fm, c and 
alk as well as the mg ratio have been plotted against si as abscissa. From 
the diagram it is evident that the al and alk values tend to remain constant 
and an antipathetic relation between jm and c is also apparent. 'The mg 
value tends to remain constant in the dunites and wehrlites with an abrupt 
inerease in the peridotites. 'The fm value attains its highest value in the 
dunites and wehrlites, characterised by the lowest si values, and tends to 
decrease in the peridotites, while the reverse relation holds for the c value. 

In Diagram ?2 molecular values and ratios have been plotted against the 
depth as abscissa. 'The available chemical data are clearly inadeguate, but 
if we assume that the peridotite of the 100/—128' level does not difer markedly 
in chemical composition from the peridotite of the 176/—185' level, and that the 
wehrlites and dunites immediately above and below the occurrence of the 
first-mentioned peridotite, simulate the analysed wehrlite and dunite in 
Composition, then Diagram ?2 may give an indication of a possible variation 
in the chemistry of the rocks comprising the Middeliaagte borehole. Optical 
data seem to indicate that the above-mentioned assumptions are reasonable. 

As has already been mentioned, only a very generalised discussion of 
Diagram 2 is possible. Optically the peridotites of the different horizons appear 
to be of essentially similar composition. 'The olivine, which is the principal 
constituent of the wehrlites and dunites, becomes richer in iron near the centre 
of the lower dunitic horizon and towards the apparent top of the upper dunitic 
horizon, the range of compositional variation in both horizons being apparently 
the same. A ccnsideration of the mg and c/fm curves suggests that there 
is an abrupt increase in the magnesian content of the rock, whereas the lime 
content appears to rise gradually at the expense of the always dominant 
magnesium and iron, when passing from an “overlying” dunite or wehrlite to 
an “underlying” peridotite. From a consideration of the olivine composition 
curve one may infer that when passing from an “underlying” wehrlite or 
dunite to an “overlying” peridotite, the reverse of the above-mentioned seduence 
is liable to be the case. 'There seems to be little doubt that this possible 
fiuctuation in chemical composition is a function of depth too. 

There is reason to believe that the observed variation in mineral and 
chemical composition of the rocks under consideration, is not haphazard. 
Unfortunately, the almost entire lack of field evidence and rather inadeguate 
optical and chemical data render it difficult to decide whether crystal- 
fractionation was controlled along a thermal or gravity gradient. 


B. (1) THE MINERAGRAPHY OF 'THE OPAOUE MINERALS 


Among the minerals recognised under the ore-microscope in polished ore 


sections were pyrrhotite, chalcopyrite, pentlandite, cubanite, valleriite, magnetite, 
iilmenite and blende. 
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Pyrrhotite 


This mineral constitutes the principal sulphide in the Middellaagte-ore. 
Individual crystals vary in size from less than one millimetre to several centi- 
metres. The crystal outlines are usually irregular and interlocking, although 
smaller crystals appear to be idiomorphic. Thea and ê components as recognised 
by D. L. Scholtz (11) in the pyrrhotite-rich lInsizwa ores are extremely 
well-developed in this ore and may easily be recognised microscopically under 
low magnification in ordinary light. As in the case of the Insizwa ore there 
has been observed a tendency for one component to segregate and coalesce about 
the margins of pyrrhotite grains and about certain inclusions. 

The tendency of secondary “fiames” or brushes of pentlandite to be enclosed 
in the # component of pyrrhotite as experienced in the Insizwa ores, is also 
observed in this ore. 

On excessive polishing and subsedguent slight tarnishing the # component 
may become rimmed by faint borders resembling cracks, which greatly facilitated 
the recognition of the components in ordinary light, and clearly revealed a 
marked difference in their physical properties. lIrregular veinlets of chalcopyrite 
were also observed to favour and exploit directions characterised by the presence 
of # pyrrhotite lamellae. 

Mechanical deformation of the pyrrhotite is suggested by the lense-like 
foliae of variable dimensions developed in pyrrhotite crystals, and exztinguishing 
in different positions under crossed nicols. 'This deformation appears to have 
had little influence on the configuration of the . and # lamellae and may 
cross-cut or coincide with the direction of the latter. At the contact with other 
minerals, especially with the silicates, pyrrhotite exhibits in ordinary light a 
narrow clearly defined rim of contrasting colour tone to the rest of the crystal. 
This contrast in colour may prcbably be attributed to subsedguent alteration. 

The relation of the pyrrhotite to chalcopyrite and cubanite appears to be 
duite obvious. 'The contact between the pyrrhotite and these copper-bearing 
sulphides is often characterised by irregular and serrated margins, the nature 
of which clearly reveals the earlier crystallisation of the former. 

'The relation of the pyrrhotite to pentlandite will be discussed more fully 
below. 


Pentlarndite 


'This is the most important nickel-bearing mineral in the ore-body, being 
distinguished in polished hand-specimens from pyrrhotite by a pitted surface 
characterised by a dull lead-grey colour. 'The grains of pentlandite commonly 
show idiomorphic boundaries, exhibit weil-developed traces of octahedral 
cleavages, and are easily distinguished under the ore-microscope from pyrrhotite 
by higher reflectivity, creamy-white colour and isotropism. 

Two age-varieties were distinguished: 

() The primary, massive, idiomorphic aggregates of pentlandite revealing 
mutual or replacement contacts to all other sulphides present. 

(14) Ex-solution secondary “flames” or brushes of pentlandite in the 
pyrrhotite, chalcopyrite and cubanite. In pyrrhotite these “fiames” show a 
definite orientation along certain cerystallographice directions and are developed 
along ceracks in pyrrhotite. No basal sections of pyrrhotite were encountered 
put D. L. Scholtz (11) and C. M. Schwellnus (12) found the secondary pentlandite 
to constitute rosette aggregates or arborescent collars about foreign inclusions 
in such sections in the ores from Insizwa and Vlakfontein respectively. 'These 
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“fames” and “collars” of secondary pentlandite appear to reveal according to 
H. Schneiderhéhn and P. Ramdohr (10), a definite concentration of pentlandite 
in pyrrhotite at the ex-solution stage. 'These “flames” of secondary pentlandite 
have also been observed in the chalcopyrite of the Middellaagte ore when the 
latter mineral replaces or invades the pyrrhotite. Noteworthy, is the fact that 
the brush-like pentlandite in the chalcopyrite apparently shows the same 
alignment and conseduently the same orientation as in the adjoining and 
partialiy replaced pyrrhoftite. The chalcopyrite seems to have selectively replaced 
the pyrrhotite, and to have enveloped the “flames.” 'This most interesting 
phenomenon appears to throw more light on the age-relation of chalcopyrite 
to pyrrhotite, and to the brushes of secondary pentlandite. The author's 
contention is, that this relation seems to prove that the ex-solution of secondary 
pentlandite occurred before the commencement of crystallisation of the 
chalcopyrite. It is noteworthy that flame-like or arborescent aggregates oi 
secondary pentlandite are also known to occur in the chalcopyrite of the 
pyrrhotite-free ores from lInsizwa (11, Pm. 42 and 43) and under such 
circumstances the structure of the chalcopyrite may have controlled the 
Orientation of the exsolved pentlandite. 'The apparent parallelism between these 
secondary pentlandite “flames” in the pyrrhotite and chalcopyrite in the 
Middellaagte ore, however, seems to prove that the ex-solution of the brush-like 
pentlandite preceded the crystallisation of chalcopyrite. Secondary pentlandite 
(having the same orientation as in the pyrrhotite), was also observed in the 
irregular cubanite variety, thus clearly showing the priority of the ex-solution 
of secondary pentlandite to the formation of irregular cubanite in the paragenetic 
Seduence. 


The paragenesis and origin of pentlandite and pyrrhotite 


The investigation of the nature of the contacts between pyrrhotite and 
pentlandite, has yielded interesting results. Most commonly the contact is 
step-like and veinlets of pyrrhotite can be seen to invade pentlandite along 
directions parallel to the octahedral cleavages. This phenomenon, previously 
also noted by Horwood (5) in the ore from the British Columbia Nickel Mines, 
Yale District, in itself furnishes proof for an earlier crystallisation of at least 
a part of the pentlandite relative to the pyrrhotite. Straight-edged contacts 
also observed, may suggest that some pentlandite crystallised simultaneously 
with pyrrhotite, if it be assumed that the force of erystallisation of the former 
is not much stronger than that of the latter. In the vicinity of the contact 
of the pyrrhotite with pentlandite a “graphic intergrowth” between two minerals, 
Which proved to be pyrrhotite and pentlandite, was observed in a few instances. 

The pentlandite-component of the intergrowth was observed to merge into 
the massive pentlandite. This phenomenon is itself strongly suggestive of at 
least a partial simultaneous crystallisation of some pyrrhotite and pentlandite. 
1t may be mentioned that in the Insizwa ore (11, p. 180) a 'graphic' intergrowth 
between pentlandite and bornite has been observed, but the structure of this 
intergrowth should be attributed to replacement rather than to simultaneous 
precipitation, in view of the established age-relation of these two minerals. 
Marginal inclusions of pyrrhotite in pentlandite were also observed in the 
Middellaagte ore, but cannot definitely be interpreted as advance islands of the 
former in the latter, since according to D. L. Scholtz it is possible that 
the pentlandite grew around the pyrrhotite, leaving these pyrrhotite inclusions 
as remnants in the pentlandite crystal (11, p. 161). The fact that the pentlandite 
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Fig. 1. Tlustrating the nature of the pyrrhotite-pentlandite intergrowths in the 
Middellaagte ore, X 600. Pyrrhotite (white), pentlandite (black), magnetite (stippled). 


shows straight-edged contacts with the pyrrhotite, even where these marginal 
inclusions are present, further strengthens the view opposed to the possible 
existence of advance islands of pyrrhotite in pentlandite. 

From the available microscopic evidence the writer is of opinion that the 
Crystallisation of some of the pentlandite commenced before the pyrrhotite 
in the ores under consideration. In the case of the Insizwa ores D. L. Scholtz 
(11) concluded that there is little doubt that the pyrrhotite was the first 
Sulphide to crystallise. He believes that “a condition of limited immiscibility 
set in at the freezing point of pyrrhotite which induced the separation of the 
major portion of the nickel in the form of pentlandite more or less 
contiemporaneously with the crystallisation of pyrrhotite,” but not before. It 
may be added that the step-like contacts together with veinlets of pyrrhotite 
exploiting the octahedral cleavage of pentlandite so characteristic of the 
Middellaagte ore, were apparently never observed in the Insizwa and Vlakfontein 
Ores. 

From the assumption of the earlier commencement of crystallisation of 
the pentlandite, the formation of secondary pentlandite may be attributed to 
the partial replacement and incorporation of pentlandite by the crystallising 
pyrrhotite and the subseguent separation of the incorporated pentlandite 
substance from the pyrrhotite when a certain concentration has been reached, 
but before the crystallisation of chalcopyrite and irregular cubanite. 

At present there are two conflicting schoois of thought concerning the 
paragenetic seguencs of these two minerals. In the past it has generally been 
taken for granted that pentlandite and pyrrhotite constituted two partially or 
wholly immiscible phases in the liguid state, since the experimental evidence 
appeared to corroborate mineragraphic evidence. Recently, however, the thermal 
studies of Vogel and 'Tonn (4) and Urazov and Filin (4) on the system 
FeS-Ni,S,-Fe-Ni failed to substantiate the original experimental evidence. Later 
Hawley, Colgrove and Zurbrigg (4) investigated Ni-Fe-S melts and could find 
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no evidence suggestive of immiscibility in the case of a melt of composition 
(NiS), (Fe$),. The last named authors are of opinion that, although certain 
pyrrhotite-pentlandite fabrics are suggestive of partial or total immiscibility, 
such evidence is indirect and is overruled by the negative experimental data. 
Great caution should, however, be exercised in generalised deductions of this 
sort owing to the fact that conditions governing the separation of natural 
minerals can hardly be realised in the laboratory. 

Hawley, Colgrove and Zurbrigg suggest two possible courses of crystallisation 
of non-agueous natural liguids syielding pyrrhotite and pentlandite, the one view 
is based on thermal studies, and the other on the mutual interrelation of these 
two minerals in natural ores. 'The former theory involves the early crystallisation 
of a nickeliferous pyrrhotite, which on cooling may shed dissolved nickel in 
the formation of a second generation of pentlandite, and “a peritectic reaction 
between the early-formed pyrrhotite crystals and a nickel- (or pentlandite-) 
rich liguid, until solidification is complete.” 'This explanation is considered 
adeguate to account for some of the textural relations, found in certain natural 
pyrrhotite-pentlandite ores, formerly believed to have originated as a result 
of liguid immiscibility. 

The cooling curve breaks obtained by Newhouse (9) in his phase-diagram 
of the system FeS-(Fe.Ni)S at 870C., which were interpreted by him as due to 
crystallisation of liguid pentlandite previously separated from liguid pyrrhotite, 
may also be explained, according to the three joint-authors, by means of the 
peritectiec reaction and, therefore, the separation of immiscible liguid pyrrhotite 
and pentlandite seems redundant. 'This interpretation holds good in the case 
of ores of low nickel and/or sulphur content but it is not applicable to ores 
in which pentlandite appears to precede pyrrhotite in the paragenetic seduence. 
It would, therefore, seem as if the origin of the Middellaagte ore, even though 
relatively poor in nickel, cannot be interpreted by means of the present ternary 
thermal diagram. 'The absence of “reaction rims” of pentlandite around 
pyrrhotite grains, which is regarded as a natural tegtural manifestation of the 
peritectic reaction, also appears to corroborate the writers view. 

The second and alternative theory, bearing on the paragenesis of these 
ores, is largely based on the microscopic study of polished sections of the Sudbury 
ore, and lacks experimental proof. 'The authors believe that ores holding 
higher percentages of sulphur and nickel, may completely solidify as a single 
solid solution series with partial miscibility jn the solid state. 'The presence 
of ex-solution Tflames of secondary pentlandite in the primary pyrrhotite 
occurring in all known nickeliferous pyrrhotite deposits, and the “fine flecks 
of uniformly distributed, blocky to triangular and feathery grains of pyrrhotite” 
(4, p. 381), 'n primary pentlandite of the pentlandite-rich ore of Sudbury and 
elsewhere, provide evidence highly suggestive of limited miscibility of these 
two sulphides in the solid state. 

On summarising the available evidence at the present stage it becomes 
clear that: 


(1) the existence of partial or complete immiscibility between natural 
pyrrhotite and pentlandite in the liguid state, is seriously challenged 
but not disproved, in the light of recent experimental research, 


(9) certain textural relations of the ores formerly considered to provide 
adeduate proof of liguid immiscibility may also be regarded as the 
product of a peritectic reaction, 
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(3) after the crystallisation of the primary pentlandite and pyrrhotite a 


condition of limited miscibility in the solid state may reasonably be 
assumed to exist, 


(4) if the early crystallisation of some pentlandite as has been suggested 
in the case of the Yale (5), Dracut (2) and Middellaagte ore bodies 
can be definitely proved, then the course of crystallisation cannot be 
explained in terms of a peritectic reaction, 


(5) the molecular proportions of nickel, iron and sulphur appear to exert 
an important infiuence on the course of crystallisation of natural 
nickeliferous ore bodies of this type. 


Valleriite 


Apart from the invasion of pentlandite by chalcopyrite the most prevalent 
hypergene phenomenon characterising the pentlandite, is its replacement by 
valleriite. 'The well-developed basal cleavage, straight extinction, extreme 
anisotropism and intense reflection pleochroism from purplish grey to pinkish 
yellow are unigue and distinctive physical properties of valleriite. 

In contradistinction to valleriite in the Insizwa ore that of the Bushveld 
is practically confined to the pentlandite, within which it appears to constitute 
a regular pattern. 

Two different ages of valleriite may be recognised in the pentlandite. 

(a) Much altered lense-like aggregates yet sufficiently fresh to be recognised 
as valleriite. 'The form and orientation of this generation of valleriite is 
identical with the later, fresh valleriite. Apart from this distinction, the most 
important difference between these two generations of valleriite appears to 
be the constant association of chalcopyrite with the fresh variety, whereas the 
altered valleriite is not seen to occur together with copper pyrites. 'This is 
probably an indication that the “altered” valleriite originated directly from 
pentlandite. 


(b) 'The “fresh” valleriite is found in constant association with thin and 
irregular veins of chalcopyrite which appear to follow or cross-cut the prominent 
basal cleavage of a single crystal of valleriite. In relatively few instances, is 
vein-like valleriite seen to follow and apparently selectively replace a vein of 
chalcopyrite. Scalloped contacts between chalcopyrite and valleriite Ssuggestive 
of the later origin of the latter, have also been observed. 

"The fact that valleriite is seen to selectively follow narrow veinlets of 
chalcopyrite in pentlandite (11, Pm. 36), is regarded by D. L. Scholtz as being 
indicative of the priority of chalcopyrite relative to valleriite in the paragenetic 
seguence, and seems to throw light on the origin of valleriite, if there is no 
reason to believe that it is directly related to the pentlandite. 

Valleriite has also been found developed to a lesser extent in the chalcopyrite. 
Here it replaces thin lamellae of copper pyrites. As in the case of the Insizwa 
ores, it constitutes the “feather” or “half-feather” aggregates, displaying two 
different orientations both at 45 degrees to the cubanite lamellae. According 
to D.L. Scholtz (1, p. 171): “The study of the orientation of valleriite in sections 
of chalcopyrite exhibiting cubanite lamellae intersecting at right angles, or 
forming trigonal patterns, clearly indicates that the flakes of valleriite and 
also the basal cleavage of that mineral, are orientated parallel to the surfaces 
of the tetragonal bipyramid (201), which is a known cleavage direction of copper 
pyrites.” 'The identical relation has been found in the Middellaagte ore. That 
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cubanite is a very unfavourable host for valleriite, is clearly shown by the 
fact that valleriite has been observed to cut diagonally across the chalcopyrite 
1amellae and then to straighten out along the contact with the cubanite lamellae. 


The paragenesis and origin of valleriite 


In the Middellaagte ore two generations of valeriite appear to be present. 
The younger, “fresh” generation seems to have originated after the chalcopyrite- 
cubanite in the paragenetiec seguence, and according to D. L. Scholtz (1, p. 172) 
“jt appears to have developed in the interval which elapsed between the 
segregation of lamellar cubanite (450%C.) and the precipitation of minerals 
like niccolite, bornite and chalcocite.” H. Schneiderhêhn (10, p. 180) and 
C. M. Schwellnus (12) are of opinion that valleriite in the Vlakfontein ore is 
also later than the lamellar cubanite. None of the above-mentioned investigators, 
however, recorded the presence of more than one generation of this mineral. 

In the Insizwa ores pentlandite appears to be characterised by an extended 
crystallisation range, the earlier pentlandite occurring in association with 
pyrrhotite whereas the younger pentlandite appears in pyrrhotite-free ore 
(chalcopyrite-cubanite) of later origin (11, p. 160). 

The paragenesis of the altered and apparently older generation of valleriite 
observed in the Middellaagte ore could not definitely be established but there 
can be little doubt that it is closely related to pentlandite of early separation. 

As regards the probable origin of valleriite there are two confiicting views 
held by different investigators. H. Schneiderhéhn and R. Latsky regard valleriite 
as an ezsolution product. Schneiderhéhn (10), the first mineralogist to record 
the presence of this mineral in ore-specimens from the Bushveld Complex, is 
of the opinion that the form and the distribution of this mineral in the 
chalcopyrite indicate that it is an exsolution product of that mineral. He 
considers the valleriite present in the pentlandite, partly also as an exsolution 
product of that mineral, but draws attention to the fact that it sometimes 
deviates in form so much from the shape commonly assumed by minerals 
formed by unmising “dasz man eher an gleichzeitige Bildung unter orienterter 
Verwachsung denken mOchte” (10, p. 130). Latsky (7) is of opinion that because 
the valleriite observed by him is only found in chalcopyrite that replaces 
pyrrhotite, the copper pyrites might have become supersaturated with regard 
to iron and that with a drop in temperature valleriite was unmixed. 

D. L. Scholtz and C. M. Schwellnus prefer to regard valleriite as a 
replacement product of chalcopyrite and pentlandite. Schwellnus (19) is of 
opinion that it may be a late hydrothermal replacement along Cracks, cleavages 
and certain defined crystallographic directions in the pentlandite and chalco- 
pyrite. Scholtz (11, p. 172) states that “the prevalent association of valleriite 
with directions of easy access to, and its constant orientation in chalcopyrite, 
as well as iis occurrence within serpentinised olivine (about the margins of 
ore pellets), suggest that it is hardly likely that much valleriite could have 
been formed by ex-solution, and that it should rather be regarded as an 
alteration product formed shortly after the consolidation of the magmatie 
chalcopyrite owing to the selective removal of copper, or its replacement by 
iron, in the more accessible parts of chalcopyrite crystals without disturbing 
their structure.” 

The writer believes that although the constant orientation of the valleriite 
in both pentlandite and chalcopyrite of the Middellaagte ore, is suggestive of 
unmixing, the uneven distribution of flakes of this mineral does not support 
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this view. 'The fact that a single vein of chalcopyrite in pentlandite was 
observed to be partly replaced by orientated “fresh” valleriite also militates 
against this view. 'The conclusion arrived at by the writer is that the older 
generation of valleriite has probably been formed by the direct replacement 
of pentlandite before the formation of the second generation of that mineral, 
whereas the latter has resulted from the replacement of chalcopyrite, after it 
had invaded the pentlandite as previously suggested by Scholtz. 


Chalcopyrite 


This mineral is less abundant than either pentlandite or cubanite in the 
Middellaagte ore (Table 1). 'The copper pyrites is commonly characterised by 
irregular aggregates with serrated contacts, and it also appears as advance 
islands in the pyrrhotite. In the pentlandite it is observed as numerous veins 
replacing the pentlandite and as irregular aggregates with step-like contacts. 
As in the case of the Insizwa ores irregular veinlets of chalcopyrite in the 
pyrrhotite have been found to penetrate and replace the # component of 
the latter. 

The relation of secondary pentlandite and valleriite to chalcopyrite has 
already been discussed. 'There seems to be no doubt that chalcopyrite follows 
both pentlandite and pyrrhotite in the paragenetic seguence. 

The chalcopyrite in the pyrrhotite is often rimmed by magnetite. 'This 
association may be accounted for by the shedding of the excess iron-oxide 
owing to a deficiency of sulphur during the process of replacement of pyrrhotite 
by chalcopyrite. 


Cubanite 


This mineral has been found to be the third most abundant ore mineral 
(Table D. In the essentially pyrrhotite-rich Middellaagte ore cubanite seems 
to be relatively more common than in the pyrrhotite-rich varieties of the 
Insizwa or Vlakfontein ores, where it has been observed to be less abundant 
than chalcopyrite. 

This mineral is readily recognised under the ore-microscope in ordinary 
light by its purplish grey colour and its high anisotropism in colours ranging 
from brownish red to dark bluish grey, when the nicols are two degrees off 
the crossed position. 'The cubanite appears to be perfectly homogeneous and 
different varieties were not recognised. 

Both the lamellar and irregular types of cubanite are present in the 
Middellaagte ore. 'The former is usually present in chalcopyrite surrounded by 
pyrrhotite, while the latter which constitutes irregular aggregates in contact 
with pyrrhotite, is closely associated with chalcopyrite, and is present as veins 
in the pentlandite. Physically and chemically these two types appear to be 
identical. 'The proportion of irregular cubanite may not only exceed that of 
the lamellar type, but this mineral also appears to develop at the expense 
of the copper pyrites. 


Paracenesis and origin of the two types of cubanite 


There seems to be no doubt that these two types of cubanite are of different 
ages. 'The guestion of the paragenetic relationship of the irregular cubanite 
is closely related with, and substantiated by, the probable mode of its origin. 
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The origin of cubanite II (irregular cubanite) as interpreted by D. L. Scholtz 
(11, p. 178) may be duoted with advantage. “The writer is of opinion that 
the cubanite, as such, did not invade the pyrrhotite, but that it merely represents 
a consolidated chalcopyrite-rich residue, which had incorporated an adeaguate 
amount of FeS (necessary for the formation of cubanite molecule), owing to 
the invasion and resorption of pyrrhotite, under the prevailing conditions at 
that stage, existed in a state of unstable eduilibrium with the still liguid ore 
residue . . . . The increase in the Fe$S content of the residual copper-rich residue 
over the composition of the chalcopyrite molecule was such as to meet the 
demands reduired by the composition of cubanite, and the latter crystallised 
instead of chalcopyrite since the prevailing conditions also favoured its stable 
existence.” 


The following observaftions, which seem to throw some light on the probable 
origin and age of this type of cubanite, were made by the writer during the 
microscopical investigation of the Middellaagte ore: 


1. The close association of irregular cubanite with chalcopyrite. 


2. The conspicuous concentration of the former around chalcopyrite in 
pyrrhotite, which is strongly suggestive of a reaction relation between 
Crystalline pyrrhotite and original chalcopyrite-rich ore fluid. 


3. Sometimes irregular lamellae of chalcopyrite have been observed in 
Ccubanite II indicating that the irregular type of cubanite can under 
certain circumstances hold an excess of the chalcopyrite molecule, which 
may eventually separate in lamellar form. 


4, The presence of veins of irregular cubanite in pentlandite. 


The evidence gained by the writer seems to corroborate the view of Scholtz 
concerning the origin of irregular cubanite. Assuming this to be true, then 
there can be no doubt that the irregular cubanite crystallised after pyrrhotite 
(observation 1) and pentlandite (observation 4) and more or less simultaneously 
with the chalcopyrite, but it has a much more restricted range of crystallisation 
than the last named mineral. No positive evidence, however, has been obtained 
which points to either the priority of chalcopyrite or irregular cubanite in the 
'crystallisation sedguence, especially as both have been observed to envelop 
fiames of secondary pentlandite. 

There seems to be no doubt that the lamellar variety of cubanite represents 
€xsolution lamellae in the chalcopyrite host. Its presence in the copper-pyrites 
seems to indicate that under certain conditions chalcopyrite may retain a 
certain excess of Fes without the conseguent crystallisation of irregular cubanite. 
The presence of lamellar cubanite as exsolution lamellae, together with the 
observation made by Schwellnus (12) that faintly visible twin lamellae of 
chalcopyrite traverse the cubanite and show no sign of distortion at the contact 
between these two minerals, clearly indicates that the lamellar variety of cubanite 
follows after chalcopyrite in the paragenetic seguence. 


Blende 


Irregular inclusions of zincblende which seem to be orientated, were observed 
in both the chalcopyrite and lamellar cubanite. 'The presence of the “stars” 
of blende in chalcopyrite as well as in the lamellar cubanite seems to indicate 
the exsolution of blende before that of cubanite from chalcopyrite. 
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Iron Ore 


The approsimate amounts of iron ore present in the ore are given in 
Table I. Only magnetite and ilmenite were recognised. 

The magnetite was observed to penetrate the silicates in the form of thin 
veins or to constitute a rim around them, and it was also recognised as embayed, 
rounded grains in the pyrrhotite. The evidence leaves no doubt that magnetite 
follows after the silicates and before the sulphides in the crystallisation sedguence. 
A second generation of magnetite (cf. the discussion of chalcopyrite) has been 
observed enveloping chalcopyrite-veins in byrrhotite and also to traverse 
pyrrhotite and pentlandite in the form of irregular veins. 

In the magnetite grains exsolution lamellae of highly anisotropic ilmenite, 
showing a definite orientation, were observed. Small hneedles of spinel were 
also seen at the contact of the ilmenite lamellae with the magnetite. Sometimes 
the magnetite is observed to be faintly martitised along cleavage directions and 
occasionally a martitised zone could be traced right round the rim of the 
magnetite erystal. 


(2) THE CHEMISTRY OF 'THE ORE 


Macroscopically, a determination of the volume percentages of the different 
mineral constituents of the rock was conducted cn two different polished slabs, 
the one slap showing an especially rich concentration of ore, the other a normal 
concentration of sulphide. ln both cases traverses of approximately 174 feet 
were made. Pentlandite was easily distinguished on the polished slabs from 
the pale bronzed-coloured pyrrhotite and the yellow copper pyrites by its dull 
lead-grey colour and the peculiar matt surface. Cubanite, however, could not 
be distinguished macroscopically, but a microscopical investigation of these 
polished slabs clearly revealed the fact that almost all the cubanite present 
in the ore was originally measured macroscopically as chalcopyrite. 'The 
microscopical integration of four polished ore specimens revealed that the ratio 
of chalcopyrite to cubanite was as 1: 5.8. The ratio thus found was applied 
to the chalcopyrite percentage returned by the measurement of the large 
polished slabs. 'The pyroxene was distinguished from the black olivine by its 
white opadue appearance on the polished slabs. 

A sample of ore separated from the rock on analysis returned 1.57% niekel.”) 
By utilising the modal proportions and applying the assay value, the metallic 
nickel content of the average, mineralised rock was found to be 0.46 %,. 

On assuming all the nickel present in the rock to be concentrated in the 
pentlandite, the amount of nickel in the pentlandite was found to be 20.8%. 
This value corresponds with that found for the pentlandite from Lillehamnmer, 
Norway (1), and suggests the formula (2FeS.NiS) for the Middellaagte pentlandite, 
in contrast to the proposed composition of (Fe,Ni),S,, with Fe: Ni as 10 ii 
for the Sudbury specimens (3). Assuming the chalcopyrite and cubanite to 
have the formulae CuFeS, and CuFe,$, respectively, the metallie copper content 
of the average mineralised rock, calculated from the amount of modal chalco- 
pyrite and cubanite present was found to be 0.47%. 'This figure is, however, 
only approximate owing to the presence of a little valleriite in the ore. 


*) Analyst: CO. Robson of the Royal Mint, Pretoria. 
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Tapre I. MIDDELLAAGTE ORE PERCENTAGES. 


Normal Sample Rich Sample Average Sample 
Constituents 
Mol os WE. 9% Vol. % Wit. % Vol 9% Wt. % 
Olivine seë ses 79-9 70-2 67-3 63-8 69-7 67-0 
Pyroxen6  ... sd 7-8 6-7 1-4 1-2 4-6 3:9 
Pyrrhotite ... ie 16-7 19-2 26-1 99-3 1-4 24.3 
Pentlandite ... sb 1-3 1:5 2:5 2-8 1:9 2:2 
Chalcopyrite... se 0-2 0-2 0-3 0-9 0-3 0-2 
Cubanite  .. oi 1E 2 1-4 1-8 2-0 1:5 HE 
Iron Ore 0-6 0-8 0-6 0-7 0-6 Yo 
%, Ni in rock se 83 - 62 -46 
9% Cu in rock sa 40 54 47 
Ni: Cu oBE Ge 12 12 lo ed Id 


————e 


From the above table it will be noted that: 


(a) the Middellaagte ore is essentially a pyrrhotite-rich variety falling in 
the Pyriore Field (see Table III and Diagram 38), 


pentlandite is present in proportions slightly in excess of cubanite in 

the normal ore sample, and that there is a greater proportion of the 

former relative to the latter in the richer ore sample, 

(c) the nickel and copper-bearing sulphides are present in approsimate egual 
proportions in the samples investigated and that a sympathetic relation 
exists between the proportions of these sulphides and the mineral 
pyrrhotite, 

(d) the percentage iron ore and chalcopyrite tend to remain approximately 
constant, 

(e) the increase in the duantity of sulphide ore occurs primarily at the 

expense of the pyroxene and is followed by olivine. 


da 


— 


A comparison of the ratios existing between the principal sulphides in the 
ores of Middellaagte, Vlakfontein, Merensky Reef, lInsizwa and Sudbury 
(Creighton Mine) has been attempted with the object of detecting any points 
of similarity or otherwise. Four different microscopical traverses of 80 cm. each 
were conducted on polished sections from the Merensky Reef (Kroondal, 
Rustenburg district) and three on polished samples of the Canadian ore from 
Sudbury. 'Table IT A gives the ranges of the volume percentages of the different 
Sulphides, while Table TT B indicates the average ratios of the different sulphides 
in all the ores under consideration. 

The values obtained in Table II B are represented on Diagram 3. 'TO 
facilitate the representation of the results by means of a ternary diagram, 
cubanite when present is resolved into chalcopyrite and pyrrhotite *) according 
to the eduation: cubanite — pyrrhotite - chalcopyrite. 


*) If the minor amounts of bornite and chalcocite in the Insizwa, chalcopyrite- 
cubanite ore (NOS. on h and 3, Diagram 38), were also taken in consideration, a slight 
displacement in the direction of the pentlandite-chalcopyrite boundary would be involved. 
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Tn order to obtain a better view of the trend of differentiation in nickeliferous 
pyrrhotite deposits, the writer has attempted several, different methods of 
classification of such ores, based on available volumetric modes. The classification 
proposed below proved to be the simplest and most suitable for this purpose 
and the writer entertains the hope that in future, investigations along the 
proposed lines may eventually lead to a clearer view of the probable trend of 
differentiation in ore bodies of this type. 


Taste IIL CLASSIFICATION OF NICKELIFEROUS PYRRHOTITE ORES. 


Field” Proposed Nomenclature Volume Percentage Ranges 
Pyrrhotite | Pentlandite | Chalcopyrite 

A PYRIORE (pyrrhotite-rich ore) Zoe 70—100 0—80 0—80 
B CHRIORE (chaleopyrite-rich ore)  .. 0—80 0—30 70—100 
C PENRIORE (pentlandite-rich ore)  ... 0—80 10—100 0—80 
D PENRIPYORE (pentlandite-rich pyrT- 

rhotite ore) ... Ed EE EE 35—T70 15—50 0—80 
E CHRIPYORE (chalcopyrite-rich pyr- 

rhotite ore) ... oi got Es 86—70 0—380 15—50 
EF PYRICHORE (pyrrhotite-rich chaleo- 

pyrite ore) 5e Joe SE 15—50 0—380 85—T70 
G PENRICHORE (pentlandite-rich chalco- 

pyrite ore) ... se Sie 386 0—80 15—50 85—70 
H CHRIPENORE (chalcopyrite-rich pent- 

landite ore) ... A de . 0—380 36—70 16—50 
K PYRIPENORE (pyrrhotite-rich pent- 

landite ore) ... oi sae 15—50 36—70 0—380 
L PENPYCHORE (pentlandite-pyrrho- 

tite-chalcopyrite ore) Es ie 30—A0 30—A0 30—A40 


EE EN Ee Ge Ge ee Ee Ge Ge ee GE ee 


In this connection attention should be drawn to the importance of modal 
determinations of both ore deposits and igneous rocks. A knowledge of the 
modal composition of a rock or ore deposit and its application to problems 
ensuing from, and hypotheses based on certain observed relations and genetic 
associations, greatly increases the reliability and validity of the conclusions 
arrived at. Much has been written, for example, about the Sudbury deposit 
but up to the present time no modes of the ore of this important deposit appear 
to be available, although the fact is continually stressed that there is a 
considerable variation in the relative proportion of the principal ore minerals (4). 
The trend and nature of the diferentiation of the nickeliferous ore of Insizwa 
as postulated by D. L. Scholtz (11) may briefly be reviewed at this stage. 
Three principal classes of ore of diferent origin were recognised by him. 

The isolated vellets and disseminated sulphides of the mineralised hyperites 
are regarded as representing the original and practically undifferentiated 
sulphide, which has separated from the silicate magma as an immiscible phase 
more or less simultaneously with the olivine. 'This ore which is believed to 
represent an accumulation of sulphide droplets which had reached the base 
of the magma chamber before the bulk of the olivine, was caught and held 


*) See Diagram 3. 
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by a semierystalline mush consisting largely of olivines of early arrival, until 
both silicate and sulphide congealed. After the crystallisation of the bulk of 
the silicate magma, pyrrhotite and some pentlandite commenced to separate 
in the still liduid sulphide pockets, representing concentrations of the original 
immiscible ore globules, which had reached the floor of the intrusion in advance 
of the olivine. Had the crystallisation of this ore proceeded uninterruptedly 
it would have been characterised by the same mineralogical composition as 
the undifferentiated ore. Scholtz, however, advances evidence to show that 
when the bulk of the pyrrhotite had crystallised in some of these ore pockets, 
the nickel-bearing and copper-rich residual sulphide magma, relatively enriched 
in mineralisers and the elements gold, silver, platinum, bismuth, lead, ete. 
was reacting with and resorbing the crystalline pyrrhotite mush, thereby again 
raising its iron and sulphur content above that stochiometrically demanded 
by the chemical composition of chalcopyrite and pentlandite. 

At this juncture load and contraction readjustments at the base of the 
gabbro intrusion, induced protoclastic crushing of some pyrrhotite and assisted 
in sgueezing out the residual ore magma. 'The mobile ore solution already an 
active intrusive by virtue of high vapour tension, thus forcibly expelled, exploited 
contraction fissures and other directions affording relief of pressure, with the 
production of ore bodies of distinctive mineralogical composition consisting 
dominantly of chalcopyrite-cubamite ore, containing pentlandite and a peculiar 
suite of rare minerals. 'The parent and larger ore body of complementary 
composition is referred to as massive pyrrhotite-rich ore. 

Diagram 8 ecleariy indicates that the ores from Vlakfontein (No. 5), 
Middellaagte (No. 4), Sudbury (No. 8) and the massive pyrrhotite ore from 
Insizwa (No. 9) may all be classed as pyriores (the Middellaagte ore holding 
the highest pyrrhotite content), pentlandite being present in slightly greater 
amounts than chalcopyrite, the highest concentration of pentlandite being 
recorded in the Vlakfontein ore. It is noteworthy that the Middellaagte ore 
contains appreciable amounts of cubanite. 'The Merensky Reef ores are 
essentially penripyores in which the percentage of chalcopyrite tends to remain 
more or less constant, the proportion of pentlandite varying against that of 
the pyrrhotite. It will be observed that the ores from the Merensky Horizon 
in the Lydenburg and Potgietersrust districts (No. 7) border the pyripenore 
field in which the proportion of pentlandite exceeds that of the pyrrhotite. 
The composition of the original undifferentiated ore from Insizwa (No. 1) falls 
in the chripyore field, whereas the chalcopyrite-cubanite ore representing an 
extreme differentiation product devoid of pyrrhotite, falls in the penrichore 
field (No. 3). 

Diagram 3 seems to substantiate and afford additional proof for the proposed 
diferentiation seguence at Insizwa, as visualised by D. L. Scholtz. It will be 
observed that the average compositions of the two extreme differentiates lie 
on either side of the composition of the original ore, on a straightline inclined 
at a low angle (120) to the 20% pentlandite co-ordinate. Furthermore it seems 
obvious from a consideration of the diagram that at least some pentlandite 
must have crystallised contemporaneously with pyrrhotite as previously suggested. 
I£ this has not been the case, then the straightline 3-1-2 indicating the trend 
of differentiation of the Insizwa ore, should have passed through the pyrrhofite 
corner. 'The extended range of crystallisation of pentlandite over pyrrhotite 
is clearly indicated, and it seems possible that the chalcopyrite-rich Hauid, while 
in the act of erystallisation was also reacting with the solid pyrrhotite, at or 
shortly after the crystallisation of the 1atter was completed, since there is 
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PYRRHOTITE 


PENTLANDITE 30 so oe CHALCOPYRITE 


Diagram 8. Proposed duantitative, mineralogical classification of nickeliferous pyrrhotite 

ores based on volumetric modes. 'The mineralogical composition of the various Bushveld 

ores, and a sample of Oanadian ore (Creighton Mine) are respectively indicated by 

solid black, and broad rimmed circles. 'The average modes of the three principal types 

of Insizwa ore are represented by the large open circles while the small black circles 

lettered a-h represent the modal composition of the various varieties of ore described 
by Scholtz:— 


Single isolated pellet of sulphide in olivine hyperite. 

Disseminated ore in olivine hyperite. 

Pyrrhotite-rich ore associated with guartz hyperstene monozite. 

Porphyritic massive pyrrhotite-rich ore. 

Granular massive pyrrhotite-rich ore. 

Massive pyrrhotite-rich ore. 

Massive chalcopyrite-cubanite ore. 

Marginal facies of massive chalcopyrite-cubanite variety of ore. 'The fields 
A-L are duantitatively defined in Table HI. 


PEHOBEEE 
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no indication that is suggestive of the crystallisation of any appreciable amounts 
of pentlandite up to this stage. 

A consideration of the trend of differentiation of the Insizwa ore as revealed 
in Diagram 3, suggests that when the crystallisation of the ore magma 
Ccommenced pyrrhotite and some pentlandite separated and in event of extreme 
Crystal #ractionation would yield a theoretical residual crystalline product 
approximating Py,,PN,, (point X) in composition. Meanwhile the liguid fraction 
being progressively enriched in copper and to a lesser extent in nickel, will 
vary in composition along the straightline from 1 in the direction of Y. 
At some definite stage in the process of crystallisation, that is, when most 
of the pyrrhotite had crystallised, the composition of this liduid fraction would 
be represented by Ch,,Pn,,, at Y. The crystalline and liguid fractions thus 
being present in the proportion of 2.85:1. When chalcopyrite commences 
to crystallise, the composition of the solid pyrrhotite-rich fraction will change 
along the straightline from X to 1, and if the cerystallisation proceeds undisturbed 
the final product should be of composition 1. In reality we find two products, 
one of composition 2 and the other of composition 38 (disregarding the resolution 
Ccubanite into pyrrhotite and chalcopyrite). Considered from this angle the 
existence of two extreme ore types, strongly supports the view held by 
D. L. Scholtz, that during the stage under consideration (ie. from the 
crystallisation of the chalcopyrite onwards) some of the residual liguid must 
have been separated to give rise to an ore body whose average composition 
is represented by 3. It is further significant that the same ratio 2.35 : 1 exists 
between the average composition of pyriore (No. 2) and the penrichore (No. 8) 
respectively, as has been deduced for the theoretical solid fraction (X) and 
liguid fraction (Y). It may, therefore, theoretically be predicted that the parent 
Dyriore body from which the chalcopyrite-cubanite ore was derived is at least 
twice the size of the latter. Additional evidence concerning the order of 
erystallisation and probable course of diferentiation of nickeliferous ore bodies 
is revealed by the pentlandite-rimmed veins of practically massive chalcopyrite 
found in the Vlakfontein ores by C. M. Schwellnus (12). 

In the light of available evidence it seems that in the case of the 
Middellaagte ore, conditions were such that the reaction of the copper-enriched 
lguid-residuum with the solid pyrrhotite to form “reaction rims” of cubanite 
about pyrrhotite grains, was not accompanied by a concomitant separation 
of part of this liduid as has been the case at Insizwa. 'The negligible amounts 
of cubanite present in the other ores from the Bushveld may be explained by 
assuming that conditions during the cooling of the ore magma were such as 
to prevent any appreciable degree of reaction between chalcopyrite and 
pyrrhotite, or alternatively, that further investigation of these ore bodies may 
reveal genetically associated pyrrhotite-impoverished varieties of ore, analogous 
to the chalcopyrite-cubanite segregations of Insizwa. A consideration of the 
probable trend of differentiation of the Bushveld ores appears to corroborate 
the latter view. 

In the Diagram the probable trend of differentiation of the Bushveld 
nickeliferous pyrrhotite deposits is also suggested. It should be borne in mind 
that such a discussion is tentative since the specimens investigated may jatelr 
only occur at different pseudo-stratigraphic horizons but also in different parts 
of the Bushveld Complex. 'The Vlakfontein and Middellaagte ores probably 
represent the pyrrhotite-rich varieties of the postulated differentiation seguence, 
whereas the ores of the Merensky Horizon by analogy, probably approsimate 
in composition to that of the average original and undifferentiated Bushveld 
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sulphidic ore. In the ore of this Merensky Horizon the percentage of sulphides 
present usually ranges from 2-3%, the ore OcCUrS usually as specks and 
mineralised patches, interstitial to the silicates of the feldspar pyroxenites, thus 
providing evidence that no large scale differentiation could have taken place. 
Since the pentlandite and chalcopyrite content of the ore bodies of the Merensky 
Reef are higher than either that of the Vlakfontein and Middellaagte deposits, 
pentlandite-rich and/or chalcopyrite-rich varieties of the Bushveld ore may 
not unreasonably be assumed to exist. An investigation of the world-famous 
Canadian deposits, rendered so accessible by extensive mining activities, will 
undoubtedly throw much light on the problem. 


3. A COMPARISON OF THE MIDDELLAAGTE SUITE OF ROCKS 
WITH THE HORTONOLITE-DUNITES AND DUNITES 
OF THE BUSHVELD COMPLEX 


In order to compare the hortonolite-dunites and -wehrlites, hyalosiderite- 
dunites and -wehrlites and the chrysolite-dunites investigated by Wagner (18) 
in the Bushveld Complex with the Middellaagte rock types and similar rocks 
from other localities, the writer has attempted in Diagram 4 to reclassify these 
undersaturated magnesian rocks according to the @uantitative Mineralogical 
System of classification of A. Johannsen (6), and to name them accordingly. 

Considerable difficulty has been experienced in the classification of these 
South African olivine-rich rocks, which have already been described, owing 
to the fact that modes, essential for the application of Johannsems classification, 
were seldom available. 'This may be attributed in part to the coarse-grained 
nature of many of the rocks investigated petrographically and chemically. 
This limitation in general, therefore, presents a serious obstacle to the general 
application of the Johannsen System to coarse-grained igneous rock types, 
whose modal composition can only be duantitatively determined on polished 
slabs, if the constituent minerals can be distinguished in reflected light. In 
order to overcome this difficulty in the case under consideration, the writer 
was obliged to make use of the normative composition of these rocks. 'This 
procedure is not likely to introduce errors of any considerable conseguence for 
the following reasons: 


() The dominant constituent by far is olivine (except in the case of the 
peridotites). 


(ii) Pyroxene almost invariably appears to be more abundant than horn- 
blende in the olivine-rich rocks examined by both Wagner and the writer. 


(iii) Owing to the low percentage of pyribole in most of the rocks, the 
presence oi minor amounts of hornblende should have very little 
infiuence on the normative composition of these rocks. 


Diagram 4 thus discloses the fact that some of the dunites of Wagner are 
in reality olivinites according to Johannsen. 'The writer has further attempted 
to name the olivinites according to the ratio of pyroxene to amphibole as 
suggested by Johannsen (6). In the discussion of these rocks the actual ratio 


is of course not stated, but it could be deduced from the petrographical 
descriptions. 
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OLIVINITES (including wehrlites) PERIDOTITES (including harzburgites) PYROXENTTES 


: N € 1 $ 14 G ë 18 17 19 20 
se AE) N MULDER 
OT1vine si 20% 25% 30% a0f, asd sot 554 60% 704 754 954 Pyrorene 


Diagram 4. Classification of olivine-rich rocks according to A. Johannsen. 


Dunites (black rimmed circles) Johannsen Notation (410) 
Hornblende-diallage-olivinites 3 (413) 

Olivini (large solid black circles) 
Eer oh rn med ciseles) ' (414) 
Bronzite-olivinites (double circles) ” (414) 
Pyroxene-peridotite (small black circles) 5 (418) 


A second attempt has been made to obtain a simple chemical classification 
of the undersaturated magnesian rocks, which could be based on and utilised 
to supplement A. Johannsems @uantitative Mineralogical Classification, especially 
in the case of very coarse-grained rocks of known chemical composition. 


By utilising the molecular values fm and mg and plotting them against the 
Si value as abscissae, this object appears to have been attained in Diagram 5, 
and it will be seen that the rocks under consideration may be grouped in 
three distinctive fields corresponding to the dunite, olivinite and peridotite fields 
of A. Johannsen (see Diagram 4). 'The boundaries between the dunite and 
olivinite fields, and between the olivinite and peridotite fields appear to be 
located between the 50-51 si and 65-67 si values respectively. The only 
irregularity that will be observed when comparing the diagrams, is that the 
modes calculated from analyses 3 and 6 fall in the Johannsen dunite field 
whereas these analyses appear in the olivinité field of Diagram 5. 


In this connection it may be pointed out in the first place that modes 
of these rocks were not available, secondly, the samples are known to contain 
hornblende which may have been present in sufficient amounts to effect the 
calculation of the mode from the norm, and lastly that the deduced modal 
composition based on a partial analysis in one case, places them on the 
boundary of Johannsen's dunite and olivinite fields so that the discrepancy is 
not in reality of great conseduence. 


(a) Chemical similarity 


Diagram 5 shows that chemically the hortonolite-dunite of Middellaagte 
(No. 4) closely simulates the hortonolite-dunites (Nos. 5-9) as distinguished 
by Wagner. 
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Diagram 5. Classification of dunites, olivinites and peridotites based on molecular values. 

jm (solid black ecircles) mg (broad rimmed circles). 'The variation in the composition 

of the olivines (wt. “%) of the samples, numbers 1—290 (see Table IV), is also represented 
on the diagram by means of black centred circles. 


The fm value and the mg value (.39) of the former is, however, 
lower than that of the hortonolite-dunites from the Lydenburg area. A 
consideration of the -ga values indicates that the Middellaagte hortonolite-dunite 
is characterised by a higher degree of undersaturation. Chemically the similarity 
of the olivinites and wehrlites from Middellaagte (No. 16) and certain other 
so-called “dunites” described by Wagner (Diagram 5. Nos. 8, 9, 10, 11, 12) from 
the Bushveld, is less marked. 
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The si value of the former is considerably higher and the fm value much 
lower than the corresponding values of the latter. In chemical composition the 
Middellaagte wehrlite appears to approximate that of the “Harzburgites” of the 
Bushveld Complex (Nos. 138 and 15) and Great Dyke (No. 14), although its 
fm and mg values are lower, and its c value higher. 'This diversity is, however, 
clearly explained by the fact that No. 16 contains the hortonolite-variety of 
olivine, and a clinopyroxene instead of an orthopyroxene. It is noteworthy that 
the mg value of the Middellaagte peridotite approximates that of the chrysolite- 
dunite of Wagner. 

On the one hand it would seem as if the Middellaagte dunites and olivinites 
are poorer in magnesia and richer in felsic constituents than the dunites and 
wehrlites described by Wagner (13). It should be borne in mind, however, that 
all the analysed specimens were collected by Wagner in the Lydenburg district. 
On the other hand the magnesia content of the only available sample of a 
peridotite (No. 17, Table IV) collected by C. M. Schwellnus (12) in the Rustenburg 
district, approzimates that of the Middellaagte dunites and wehrlites. 


(b) Mineralogical similarity 


According to P. A. Wagner (13) the hortonolite-dunites investigated by him 
consist of olivine, 2V. ranging from 738% —6% (see Diagram 5 for the composition 
of the olivines), diallage with.y/c — 420, often intergrown with hornblende 
pleochroic in green and brown, having 2Va - 789 and v/c — 199—18o, as well 
as a colourless variety of the last mineral (probably edenite). Mineralogically, 
therefore, the rocks of Wagner also resemble those of Middellaagte. 


(e) Field association 


Wagner (18) shows that the hortonolite-dunites occur in the form of pipe 
or parsnip-shaped intrusions as well as lense-like segregations in chrysolite- 
dunite (e.g. at Mooihoek and Onverwacht, Lydenburg district and at Boschfontein, 
Rustenburg district). 

In the Onverwacht occurrence the ore body is an irregular, parsnip-shaped 
intrusion of hortonolite-dunite and hortonolite-wehrlite within a much larger 
body of chrysolite-dunite. In the Mooihoek occurrence the chrysolite-dunite 
pipe appears itself to be encased in a continuous outer shell of coarse pegmatitic 
diallagite, containing large prismatic anhedrons of diallage, brown hornblende, 
subordinate plagioclase, phlogopite and olivine, which is mineralogically similar 
to the Middellaagte peridotite. All the above-mentioned undersaturated rocks 
from Onverwacht and Mooihoek bear a transgressive relation to the rocks of 
the Bushveld Complex in which they occur 

At Boschfontein, in the Rustenburg district, bodies of hortonolite-dunite 
conform to the pseudo-stratification of the pegmatitic diallage-norite and some 
like the hortonolite-wehrlite, cut across the Bushveld rocks. 

At Driekop, Lydenburg district, hyalosiderite-wehrlite occurs in association 
with an olivine-diallage-magnetite rock and also as veins, lenses and patches 
together with hyalosiderite-dunite, in chrysolite-dunite. Phlogopite, hornblende 
and the hortonolite variety of olivine, so characteristic of the dunites and 
wehrlites of Middellaagte, have not been recorded at Driekop. 

Disregarding the inadeduate field evidence on hand, the Middellaagte rock 
suite may be said to bear some petrographic resemblance to rocks of the 
Mooihoek-Onverwacht-Boschfontein types. 
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TABLE IVA. CHEMIOAL ANALYSES. 


1 9 3 d% 5 6 7 8 9 10 
SiO, 36-55 | 40-08 | 87-92 | 39-16 | 34-00 | 86-72 | 34-25 | 38-90 | 34-70 | 38-60 
A1,0; 1:70 0-57 — d.17 — 1-63 1-45 
Fe,Os 1-80 nil — 4-80 n.d. n.d. 2-90 n.d. n.d. — 
FeO 16-85 8-99 | 25-96 | 38-75 | 37-80 | 38-04 | 35-55 | 39-00 | 37-90 | 28-61 
MeO 37-95 | 48-80 | 34-47 | 15-36 | 98-60 | 29-18 | 22-00 | 21-00 | 21-10 | 32-61 
Ca0 1-00 nil nil 1-96 nil 0:50 9-85 0-10 0-50 83-44 
Nas trace — — 1-25 n.d. 0-32 0:20 
O trace — — nil n.d. trace nil — — — 
HOT 2:60 1-98 n.d. n.d. n.d. — 1 9-55 — — n.d. 
HO— 0-40| — | nd. | nd. | nd. — IT — — |. ad. 
Ti1O, 0-10 nil — 0-95 nil trace 0-05 0-80 nil — 
MnO 0-15 0-06 — 0-87 n.d. 1:05 0-40 — n.d. — 
sl 0-40 n.d. 0-05 n.d. — — — 
Or,Os 0-40 0-50 — — 0-10 nil 0-10 0-20 0-10 — 
OO, 0-25 n.d. trace | trace — ma — 
NiO trace 0-29 — — n.d. trace trace —— n.d. — 
P,O; trace — — n.d. n.d. trace 0-05 — — 
TorALs |100-15 | 99-82 | 98-35 | 99-77 | 95-5 (|100-49 | 99-85 | 95-00 | 94-30 | 98-16 
11 12 13 14 15 16* d7 18 19% 20 
SiO, 38-40 | 35-90 | 41-40 | 38-31 | 41-20 | 36-64 | 39-46 | 43-91 | 50-06 | 51-31 
A1,Os 1-90 — 0-80 1-68 1:20 1-89 0-27 0-30 4.02 1-88 
Fe,O 7-85 d.G1`| 3-49 4-00 3-69 3-34 2-94 0-43 1-08 
FeO 16-50 | 12-50 7-41 8-82 8-90 | 34-14 | 28-02 | 15-81 | 12-50 8-48 
MgO 38-00 | 35-80 | 42-15 | 32-91 | 34-40 | 14-50 | 12-00 | 25-13 | 17-75 | 19-58 
Ca0 nil — 1-32 38-03 1:85 6-35 | 11-70 9.98 | 18-80 | 15-80 
Na,0 — — 0-03 0-87 0-20 0-65 0-04 0-08 1:06 1-80 
K,0 — — 0-04 0-96 0-30 nil 0-06 0-06 0-02 0-03 
HO n.d 2-70 0-06 4.58 0-95 n.d. 0-01 0-03 n.d. 0-11 
H0— n.d 1-05 1-94 0-75 5-90 n.d. 0-82 0-58 n.d. 0-14 
TiO, nil 0-13 0-13 0-95 1:83 4-75 1-49 0-16 0-20 
MnO n.d — 0-18 0-19 0-10 0-87 0-60 0-38 0-21 0-12 
sl — — 0-30 0-33 0-05 — 0-29 0-06 — 0-10 
Or,Os 0-50 — 0-84 4.28 3-90 —— 0-04 0-06 — 0-12 
OO, 0-53 — —— set .. 0-84 
NiO n.d. — 0-97 0-92 0-35 — trace 0-11 — nil 
P,O; — — 0-00 nil n.d. n.d. 0-00 0-00 n.d. 0-11 
TorALS | 99-30 | 95-80 100-88 | 99-81 J100-25 | 99-49 J100- 90. |100-92 J100-01 100-738 


* New Analyses. 


TaBrg IVp. MOLECULAR VALUES. 


1 2 8 4” 5 6 7 8 9 10 
si 49-1 49-6 | 51-70 | 49-5 | 50-0 | 54-4 | 49-7 | 59:8 | 544 | 63:5 
al 1-4 0-4 — 3:9 — 1 d 1-9 — — — 
fm 97-9 99-61 00-0” 91E1 TOOEO 97:4 04-0) ooral AVE 94:3 
(y 1-4 0-0 0-0 3:9 0-0 0-8 ai 0-2 0-8 5-1 
alk 0-0 — —— 1-8 —— 0 -d 0-9 
mg 09 || osol @270:)) os 0-63 0:0 || 0de! oa MOON MOE TE 
c/fm 0-15 | 0-0 0-0 0-04 | 0-0 0:0 0-04 | 0-0 0-01 0-05 
k 0-0 — 0-0 0-0 Es Ed EE 
ge —50-9 |-50-4 |-18-8 |-57-7 |-50-0 [-47:2 ([-61-1 |-47-9 |-45-6 .(-46-5 
Magma 
Types orthaugitic—peridotitic, peridotitic 
11 12 13 14 15 16? 17 18 19? 20 
sê 51-40 | 51-2 | 56-1 59.7 | 64-2 | 69-3 | 69-0 | 68-2 89-50 | 90-50 
al 9:3 — 0:6 1-6 Ted (bof 0-3 0-3 d.9 2-0 
fm 97:7; 100o ea || 92:4 961 86-2 | 77-5. | 82-9 | 67-3 | 66-8 
ste 0-0 -— lots) 5-0 9:9 lle 21-9 16-6 | 26-5 | 30-0 
ale — — 01 0:7 0-6 1-0 0-2 0-2 2-0 2-9 
gl ee 0-78 | 0-77 | 0-86 | 0-83 | 0-84 | 0-41) 0-41 0-71 0-71 0-79 
c/fm se 000) — 0-02 |. 0-05 | 0-02 | 0-13 | 0-28 | 0-20 | 0-39 | 0-46 
— — 0-0 0-29 | 0-50 — 0-50 | 0-5 old || Mel) 
. 48-6 |-48-8 |-d5-3 |-d3-1 (-88-9 -44-7 (|-81-8 (-81-6 |-18-5 (-18-3 
Magma, hornblenditic, pyroxenitie 
Types orthaugitic—peridotitie, peridotitie websteritie 
1. Chrysolite-dunite, 200-foot level, Mooihoek Platinum Mine, Lydenburg District. Analyst: 
H. G. Weall. 
9. Fresh chrysolite-dunite, Nijnie Tagilski, Ural Mountains. (@uoted from Zavaritski, A,, 
“ Primary Platinum Deposits of the Urals.” 
3. Hyalosiderite-dunite, Upper @uarry, Driekop Mine. Analyst: A. McA. Johnston, Goldfields 
Laboratory. - 
4. Hortonolite-dunite from 45-foot—BO-foot borehole level, Middellaagte, Rustenburg District. 
Analyst: P. L. de Bruyn. 
5. Honey-brown, coarse-grained hortonolite-dunite, 9200-foot level, Onverwacht Mine. 
Analyst: R. A. Cooper. j 
6. Hortonolite-dunite, Mooihoek Platinum Mine, Lydenburg District. Analyst: A. MeA. 
Johnston, Goldfields Laboratory. 
7. Hortonolite-dunite from outerop, Onverwacht Platinum Mine, Lydenburg District, Transvaal. 
Analyst: H. G. Weall. ee 
8. (reenish “ hortonolite-dunite,” 500-foot level, Onverwacht Mine. Analyst: R. A. Cooper. 
9. Dark-green “* hortonolite-dunite ` from depth of 596 feet, Onverwacht Mine. Analyst: 
R. A. Cooper. . 
10. `Wehrlite composed of hyalosiderite and diallage, 300-foot level, Driekop Mine. 
11. Brown-weathered '' chrysolite-dunite ” in contact with hortonolite-dunite, 65-foot level, 
Onverwacht Mine, Lydenburg District. Analyst: R. A. Cooper. 
12. Weathered “* chrysolite-dunite ” from outerop, Onverwacht Mine, Lydenburg District. 
Analyst: H. G. Weall. 
13. ' Harzburgite,” Vlakfontein 902, from 90-foot borehole. Analyst: d. F.C. van der Walt. 
14. “ Harzburgite,” The Great Dyke, West of the Makwiro River, Wyndecliffe Farm. 
15. * Harzburgite,” No. 4 Shaft, Vlakfontein 902. Analyst: J. Moir. 
16. Hortonolite-wehrlite from the 70-foot—94-foot borehole-level, Middellaagte, Rustenburg 
District. Analyst: P. L. de Bruyn. 
17. Peridotite, Brakspruit 393, Rustenburg District. Analyst: J. F. C. van der Walt. 
18. Harzburgite, Rooi Koppies 171. Analyst: J. F.C. van der Walt. Aa 
19. Peridotite from the 175-foot—I$84-foot borehole-level, Middellaagte, Rustenburg District. 
Analyst: P. L. de Bruyn. ) i 
20. “ Websteérite,” The Great Dyke, Railway cutting 5:5 miles west of Lydiate, Hartley 


District. 
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In conclusion, the following petrographical observations may prove to be 


of some value in connection with the genesis of the Middellaagte ore: 
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1. A marked concentration of olivine is apparent, above and below the 
mineralisation zones, the maximum concentration being located above 
the principal Zone of mineralisation. 


9. The largest olivine crystals appear in the wehrlites and hortonolite- 
dunites, which alone are mineralised. 'The olivines are less resorbed 
in the dunites and wehrlites, than in the peridotites. 


3. The olivine of the olivine-rich rocks is the hortonolite variety. 


4. The rocks are feebly serpentinised, serpentinisation of olivines being 
restricted to the upper, most important zone of mineralisation. 'The 
olivines are only altered when in contact with the sulphides and even 
then the olivine is only feebly serpentinised, for in the rock slices studied 
the maximum length of any serpentine veinlet did not exceed 3 mm, 
This definitely proves that a hydrothermal origin for the ore is out 
of the duestion. 


5. Though orthopyroxene is known to be a common constituent of the rocks 
comprising the Critical Zone of the Bushveld Complex, it does not appear 
to be present in any of the Middelilaagte specimens investigated. 


6. Increase of the amount of ore is largely at the expense of, firstly the 
pyroxenes and secondly the olivine. 


7. Crystallisation of olivine is followed by clinopsyroxene and hornblende. 
In the olivine-rich rocks clinopyroxene is usually interstitial, and in all 
the investigated rock types accessory plagioclase is rarely present. 


8. The paragenetic seduence of the sulphides appears to be normal, if we 
disregard the possible early crystallisation of pentlandite. 
9. 'The location of the pborehole and limited field evidence as well as certain 


petrographic data, suggest that the rocks under consideration are probably 
related to the hortonolite-dunites of the Bushveld Complez. 
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Parkerite was first recognised in 1932 as a new mineral by D. L. Scholtz 
during the course of the mineragraphic investigation of the nickeliferous ore 
from Waterfall Gorge, Insizwa, Bast Gridualand (8). Seven years later an 
artificial compound Ni,Bi,S, now known to represent an end-member of the 
Parkerite series was prepared synthetically by R. Schenk and P. von der Forst 
during the course of investigating the Bismuth-Nickel-Sulphur system (2). 
Towards the end of 1940 a re-examination of Canadian nickeliferous ore-bodies 
(Frood Mine?) at Sudbury by C. E. Michener revealed the presence of a suite 
of rare minerals in many respects analogous to those originally found about 
the margins of certain ore-bodies at Insizwa. One of these minerals possesses 
properties very similar to those characterising the Parkerite of Insizwa. 'The 
detailed spectrographical, chemical, crystallographical and optical investigation 
of this Canadian sulphide, as well as the study of X-ray diffraction patterns, 
proved it to be an orthorhombic mineral having the composition Ni,Bi,S.. 

The re-investigation of the Insizwa Parkerite for essential bismuth at the 
suggestion of C. E. Michener and M. A. Peacock (1) revealed the fact that the 
elements lead and bismuth were present in almost edgual proportions. At 
the suggestion of D. L. Scholtz the writer undertook the thermal investigation 
of the system Ni,BiS,—Ni,Pb,S, believed to represent the end-members of 
a Parkerite series. 'The lead and bismuth end-members were prepared in 
relatively large guantities (in order to effectively minimise any possible loss of 
Sulphur) by fusing the elements in the proper proportions in partially eshausted 
pyrex tubes of special design. 'The heating and cooling of the various mixtures 
were conducted in a modified electric furnace in an atmosphere of purified 
hydrogen, instead of H,S which appears to raise the sulphur content of the 
melt and ijnduced the separation of galena. 'The available apparatus did 
unfortunately not permit the control of pressure. The prolonged or super-heating 
of the various mixtures was carefully avoided in order to prevent possible 
loss of sulphur. 'The fact that the weight of the sulphide matte prior to and 
after heating was practically constant serves to indicate that this object was 
attained. 

Constantan and chrome-nickel wires of 0.6 mm. diameter were employed in 
the construction of the thermo-couple, the free ends of which were kept at 
0oC. 'The measurement of the EM.F. was recorded by means of the potentio- 
meter method. 'The thermo-couple was standardised by measuring the 
electromotive force at the boiling point of distilled water and the melting and 
freezing points of pure tin, zinc as well as a mixture of pure copper and silver 
in eutectic proportions. 

Prior to recording of measurements, the 25 grams of liguid matte was 
vigorously stirred by means of the auartz thermo-couple casing in order to 
assure homogeneity of the melt. After the heating curve of each melt had 
been recorded the liguid was fairly rapidly cooled by decanting into a mould 
in a silicate slab at atmospheric temperature, under an atmosphere of hydrogen. 

The results of the thermal investigation are embodied in diagram IE, Ad 
Tt will be observed that the lead- and bismuth-bearing end-members constitute 
a series of solid solutions modified by a miscibility gap between C and E and 
a peritectic D at the temperature of 7170C. Owing to the fact thaal diie 
NiBiS,— Ni,Pb,S, conforms closely to the well-knowr type-diagram Mercury- 
Cadmium, a detailed description is redundant. 
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Ni,Bi,S, or Bismuth-Parkerite (Bp) which melts congruently, freezes at 
6860C and forms a complete series of solid solutions with Ni,Pb,S, or Lead- 
Parkerite (Lp) to the extent of practically 50 percent as revealed by tne heating 
and cooling curves and the microscopie study of polished sections of the various 
solidified melts. The coarsely crystalline and homogeneous nature of the 
solidified products was not only revealed by the microscopic examination but 
also by the etching of their polished sections. See Plate 1, Pm. 1-4, and 6. For 
purposes of comparison a photograph of natural Parkerite (Pm. 5) has been 
reproduced on the same. plate. 

The limited degree of dissociation of the various solid solutions under 
discussion is revealed by the fact that the liguidus and solidus curves practically 
coincide except in the case of a solid of composition Bp,,LP,, which on melting 
at 7070C yields a homogeneous liguid. Ë 

The present investigation seems to indicate that Bismuth-Parkerite can 
only hold up to 50 percent of Lead-Parkerite in solid solution. It is noteworthy, 
however, that though the coarsely crystalline solidified melt of composition 
BD,,LP;, appears to be honogeneous in ordinary light and though etch-reagents 
also failed to disclose signs of non-homogeneity, the examination of a polished 
section under crossed nicols clearly revealed the presence of an intricate set 
of complex polysynthetic twin lamellae, superimposed on the original multiple 
twinning such as is normally displayed by members lower in the series. 
See Plate II, Pm. 7. 'This feature is highly suggestive of a paramorphic 
transformation although not verified by the thermal investigation. 

The structure of rapidly cooled melts of compositions BP,,LP,, and BPD;,LP;e 
that is, between the points C and E on Fig. 1, is shown by the photomicrographs 
8 and 9 (Plate IT). A twinned homogeneous, as well as a heterogeneous crystal 
phase may easily be recognised. On close inspection the heterogeneous phase 
of early crystallisation, characterised by an aggregate structure resulting from 
unmixing, as well as an occasional zonal structure, is seen to be embedded in 
a relatively coarsely crystalline matrix consisting of apparently homogeneous 
Crystals rich in the solid solution approsimating D in composition (Pm. 8). 
In the nest photomicrograph '(Pm. 9) precisely the same structure and 
relationships are disclosed, save for the predominance of the heterogeneous 
insets over the homogeneous (metastable?) twinned crystals constituting the 
matrix. 

The presence of isolated twinned crystals in Pm. 10, as well as the continuous 
mesh seen to envelop the rounded unmixed crystalline aggregates approzimating 
the composition D in Pm. 11, is not to be expected, save in the case of rapidly 
cooled melts in which conditions of eduilibrium are inhibited. From the 
foregoing it is obvious that the unmixed insets must hold a relatively higher 
proportion of the Lead-Parkerite mineral than would have been the case under 
conditions of edguilibrium. 

The trend of the curve EH indicates that the vast majority of solid solutions 
Of the lead-rich varieties of Parkerite are only stable at high temperatures. 

A melt corresponding in composition to pure Lead-Parkerite (Ni,Pb,S,) 
freezes at 920C; a slight deflection which was observed on its cooling curve 
at B430C is difficult to interpret. It is noteworthy, however, that the solidified 
melts invariably consisted of an aggregate of well-defined and highly birefringent 
Crystals (Plate II, Pm. 12), and all attempts to produce large crystals such as 
were readily obtained in the case of pure Bismuth-Parkerite (Ni,Bi,S,), and 
the solid solutions ranging in composition from BP,,,LP, to BP;,,LP:.,. Proved to 


be of no avail. 
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The results of etch tests with standard reagents recommended hy 
M. N. Short (4), on the polished sections of the solidified melts may be 
Summarised as follows; 


(D HNO, (1:1. 


(a) Bp,,LD.,—BP.,LP.,. Efervesces after a few minutes, brownish-black 
stain; brings out cleavages and crystal boundaries. 
(b) Bp,,LP—BP,LP,,,. Reaction slower. Forms solution cavities. 


Brings out crystal boundaries and cleavages in Bp,LP,,,- 


(2) FeCl, (5% solution). 


(a) BP,.LP,—BP.LP.,,. Stains black instantly. Brings out erystal 
boundaries, cleavages and twin lamellae. 


(b) Bp,,LP,—BP,LP Stains black instantly. Reveals cleavages in 
Bp,Lp 


100” 
100” 


(BI AEL dol). 


(a) BP,,LP,—BP,,LP,,. Stains extremely slowly. Becomes pitted after 
a few hours. 


(b) BP.,,LP,—BP,LP,,,. Similar to 8 (a). Brings out erystal boundaries 


and cleavages in Bp,LP,,,. Crystals of different orientation appear 
to stain differently. 


(4) Agua Regia (HCl: HNO,- 3:1). 


(a) BP,,LP,—BP,LP:,. Efervesces briskly. Stains brownish-black. 


(b) Bp,,LP,—BP,LP ys Similar to 4 (a). Bp,LP,,, Stains slower than 
the Bi-containing members. 


(5) HgC1, (5%). 


(a) Bp,,LP,—BP,,LP,:. Stains very slowly to yellowish brown colour. 
Brings out crystal boundaries and cleavages. 


(b) BPp.,LP—BP,LP,,,. Stains vellowish-brown. 
(6) KOH and KCN. 


All negative. 
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Homogeneous synthetic Bismuth-Parkerite (BP, PD showing characteristic 
off-sets of polysynthetic twin lamellae. Crossed nicols -59, X 200. 
Homoegeneous synthetic Parkerite (BD, ,LP ) Oo)” showing coarsely granular texture 
and occasional twin lamellae. (Crossed nicols -59, XC 200. 

Homogeneous synthetic Parkerite (BD,,LP; OD exhibiting elongated crystals and 
occasional twin lamellae. Crossed nicols -59, X 200. 

Homoegeneous coarsely crystalline and polysynthetically twinned synthetic 
Parkerite (Bp,,LP; Crossed nicols -59, X 200. 

Natural Parkerite showing twin lamellae, Waterfall (Gorge, Insizwa, East 


Grigualand. Crossed nicols, X 120. ) . ` 
Homogeneous coarsely granular polysynthetically twinned synthetic Parkerite 


(BP, “DP FP Crossed nicols -59, X 200. 


Pm. 


PM. 


Pm. 


Pm. 


dis 


12. 


Coarsely crystalline synthetic Parkerite (Bp,,LP; 2) showing two superimposed 
sets of multiple twin lamellae. Crossed nicols -59, X 200. 

Scattered feebly zonal insets of unmixed lead-rich Parkerite in matrix of 
twinned homogeneous crystals approximating the peritectic composition. 
Composition Bp ) GDP, '€ Crossed nicols -5%, X 200. 


As in Pm. 8, note relative proportion of unmixed insets and twinned homo- 
geneous crystals. Composition BP, GLP; io Crossed nicols -59, X 200. 
Predominant constituents are large crystals of unmixed lead-rich Parkerite 
with scattered homogeneous twinned crystals. Composition BP, ,LP 
Crossed nicols -5%, X 200. 

Mesh of homogeneous twinned Parkerite crystals enveloping rounded unmixed 
insets of lead-rich Parkerite. Composition Bp TOP vo: Crossed nicols -59, X 200. 
Aggregates of homogeneous and occasionally twinned Lead-Parkerite (Ni, Pb,S,) 
crystals. Crossed nicols -5%, X 200. 
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ABSTRACT 


The concentrate was mechanically separated into five fractions and 
the weight percentages of the minerals in each fraction were determined. 
The entire concentrate contains approximately 57% Zircon, 29% 
ilmenite, 7% Tutile, 4% cassiterite and 2%, tourmaline. 96% of the 
cassiterite passes the -1/16” mesh and is held by the 40 U.S.S. mesh 
sieve, and this fraction contains 869%, cassiterite or approximately 60% 
metallic tin. 'The validity of the elongation index as a measure of 
the degree of rounding in the case of detrital zircon is critically 
discussed. 'Twelve minerals, not previously recorded, have been 
identified. 'They are in order of abundance: leucoxene, anatase, 
monazite, topaz, epidote, andalusite, pyroxene, brookite, garnet, 
corundum, sillimanite and spinel. A consideration of the provenance 
of the minerals occurring in the concentrate suggests that, as regards 
weight percentage, the bulk of the minerals constituting the heavy 
residues, exclusive of cassiterite, was probably derived from the Table 
Mountain Sandstone. 
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1. INTRODUCTION 


ER EA ee AR EE, tin ocEUTs in lodes in both the Malmesbury slates 
t : granite in the vicinity of the contact Zone (18). 
An important tin-bearing zone stretches from Helderberg through the Kuils 
River area to the Koeberg hills (4, 13). Alluvial deposits resulting from the 
disintegration of tin-bearing rocks were economically exploited on the farms 
Langverwacht and Langverwacht Annexe, approximately two miles to the east 
of the village of Kuils River. 

About the year 1907 the Kuils River 'Tin Mines, Ltd. while operating on 
the farm Langverwacht Annexze, obtained a considerable amount of exceedingly 
fine-grained, concentrate, devoid of Cassiterite, on treating decomposed granitic 
material. The microscopic examination of this concentrate by Professor 
A. Young proved it to consist largely of minute zircon Crystals. At a later 
date, van der Lingen, while investigating the emission spectra of South African 
zircons, found that this concentrate contained a considerable amount of 
Yyttrium, titanium, zirconium, and other elements. 

In 1925 van der Lingen and A. R. E. Walker published two papers in which 
the presence of xenotime crystals in both the Kuils River concentrate and 
certain granites of the Cape Province was confirmed microscopically as well 
as spectroscopically (11, 12). As a result of these studies, they came to the 
conclusion that the main distribution of the xenotime “in the granite is within 
a broad marginal zone, which is determined by the prozimity of the Malmesbury 
Series.” In addition the presence of two distinct varieties of zircon, namely 
a colourless and a pale reddish brown variety, was noted. 'The authors also 
record the presence of “rounded grains of iron ore, rectangular fragments of 
tourmaline, occasional prismatic erystals and rounded and irregularly-shaped 
grains of rutile, occasional very minute sharp-edged tetragonal cerystals of a 
brown mineral (cassiterite?),” in this concentrate. 

Recently a auantity of such a fine-grained concentrate from the alluvial 
“washing” on the farm Langverwacht was presented by Messrs Krige and 
Hofmeyr to Dr. D. L. Scholtz, on whose suggestion the investigation of the 
concentrate was undertaken. 'This examination revealed the presence of a 
surprising assemblage of minerals, which are described in this paper. 


II. METHOD OF SEPARATION AND GENERAL 
CHARACTERISTICS OF THE SAMPLE 


The concentrate was passed through a 40-mesh sieve in order to eliminate 
coarse cassiterite and duartz grains. It is noteworthy that most of the 
cassiterite (comprising approximately 60% by weight of the concentrate) passes 
the 10-mesh but is held by the 40-mesh sieve. 'The -40 mesh fraction seen 
in bulk is characterised by a resinous to adamantine lustre and greyish colour. 
A representative sample of this fraction, obtained by coning and auartering, 
was mechanically separated by means of heavy Hguids and a horse-shoe magnet 
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with adiustable pole pieces. 'The lightest fraction of density — 2.9 constituted 
17% by weight of the original sample, and on microscopic examination proved 
to consist wholly of subrounded aguartz grains and micaceous and chloritic 
material in an advanced stage of decomposition. 'The rest of the sample, 
fractionated by means of methylene iodide and Clerci's solution at 18% and 
100oC, yielded only three parts which may for convenience be termed (a) the 
Tourmaline, (b) the Rutile, and (c) the Zircon fractions respectively. Magnetic 
minerals derived from the Zircon fraction. (c), yielded (d) which may be referred 


to as the magnetic .fraction. 


TABLE I. WEIGHT PERCENTAGES OF PRINCIPAL MINERAL CONSTITUENTS. 


Analysis | Fraction Zircon TImenite Rutile '| Cassiterite | Tourmaline | Total 
a 0-8 il — SE 9-6 9-9 

b de 6-0 6-5 — —— 18-2 

A Ë 63:7 OT 0-8 d.d —— 59-6 
d 2-1 99-9 — — — 24-3 

TOTAL 56:8 28-9 7:8 4-4. 26 100-0 

B 57:0 29-4 7:5 3:9 9:9 100-0 
Mean 56-9 29-1 7-4 d.9 2-4 100-0 


After weighing each of the four fractions a to d, the weight percentages 
of the principal minerals appearing in each were determined microscopically, 
and the results of the investigation are incorporated in Analysis A in Table I. 
Analysis B represents the result of a microscopic mineral grain count conducted 
on the guartz free original sample. It will be observed that the principal mineral 
constituents in order of abundance are respectively: zircon, ilmenite, rutile, 
cassiterite and tourmaline. Minor constituents appearing in various #fractions 
and not recorded in the table, are, in order of abundance: leucoxene, anatase, 
monazite, topaz, epidote, andalusite, pyroxene, brookite, garnet, xenotime, 
corundum, sillimanite and spinel. Tt is noteworthy that no apatite appears 
to be present (11). ea ] ' . 

Generally speaking, the grains of the rutile fraction were coated by oxides 
to such an extent as to render optical investigatiëns impossible. Accordingly 
one half of this fraction was treated with diluted hydrochlorie acid. 'This 
treatment removed a considerable amount of the adhering oxides. Both parts 
of 'the rutile fraction were taken into account for the Ssubseguent optical 
investigations. ke , j 

Table TT illustrates the close similarity which exists between the sizes of 
the different minerals whose mean lengths and breadths are respectively: 
0.16 -0.27 and 0.08 -0.20 mm.” 'The smaller dimensions of zircon grains as 
compared to the rest of- the minerals are apparent, but volumetrically the 
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TABLE II. COMPARISON OF DIMENSIONS OF THE DIFFERENT MINERALS. 


Average size of Dimensions in mm. Average size of Dimensions in mm. 

900 White Zircons “16 eo 10 3 Epidotes ou dIE 
20 Pink Zircons “20% -08 1 Andalusite 16S16 
10 IImenites ob SE od: 92 Pyroxenes “19-16 
10 Rutiles 17 la 1 Brookite “20 -13 
5 Cassiterites 27% -18 3 Garnets so 6 

5 Tourmalines ailsseolk. 1 Xenotime “Ls dn? 

3 Anatases ike olik) 1 Corundum “18% -18 

2 Monazites Ik SE og 1 Sillimanite “92 X 90 

2 Topazes “is 16 1 Spinel 6 li 


differences in size would probably be less marked, due to considerable flattening 
of many of the other minerals, especially sillimanite, topaz, corundum, monazite 
and xenotime. - 


III. PETROGRAPHY 


1. ZIRCON 


Zircon constitutes more than half by weight of the original concentrate. 
Two distinct varieties of zircon were found, namely, (a) a white to colourless 
and '(b) a pinkish variety, as originally recorded by van der Lingen and 
Walker (11). 

(a) The white or colourless #ircons, oceurring as elongated, brilliant white 
fragments, usually well-worn with minutely and evenly pitted surfaces, 
constitute the bulk of the concentrate. The crystals are well rounded, and more 
than ffty percent of the zircons are devoid of crystal faces. Sharp edges 
and smooth crystal faces indicative of limited abrasion, are exhibited by a very 
small percentage of the white zircon fraction. Well developed prism faces 
and numerous suppressed bipyramids characterise the euhedral to subrounded 
grains. A few subrounded white zircon grains showed only first order prisms 
and bipyramids. Zoning was rarely observed. 

In contrast to the general habit of the zircon mass, an appreciable number 
of well-rounded white zircon grains displayed low interference tints, and these 
were found to be flattened parallel to (001), possibly due to splitting transverse 
to the length of originally columnar crystals. Such grains freguently exhibit 
undulose extinction and feebly eccentric and slightly biaxial interference 
figures. A few rounded white zircons exhibited numerous fine striations and 
oecasional straight eracks, all of which lie in a plane containing the c-axis. 
In such cases the interference figure is decidedly biaxial, with small axial 


TE 


110 


Fig. 1. A. White zircon X 225. B. White zircon X 210. GO. Pink zircon X 220. 
D. White zircon with rounded pinkish-brown core X 930. E. Zoned Pink zircon 
with anhedral core X 230. 
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angle, while the optic plane is parallel to the “parting” described above. 
Brauns postulates mechanical causes as being responsible for optical anomalies 
in a number of zircons which showed partings. Dom Pedro Augusto von 
Sachsen-Coburg suspected the presence of polysynthetic twinning lamellae in 
such cerystals. `W. Klein maintains to have proved experimentally that with 
vnedual crystal heating, the perfectly uniasial mineral becomes biasial. On 
the other hand, Des COloizeaux found that an anomalous optic angle of 10e 
for blue light remained unchanged on heating the zircon crystal from 140 
to 186%C. According to Winchell the optic anomalies are perhaps due to 
alteration, being found especially in partly altered zircon (14). Mallard is of 
opinion that the common tetragonal symmetry may be due to multiple twinning 
of monoclinic individuals, often on a submicroscopic scale. 


Grattarola has described an olive-green variety of zircon termed Beccarite, 
from Ceylon. 'This mineral is biaxial, with 2Va — 10%, the acute bisectrix is 
inclined to the c-axzis at a small angle and apparently some twinning relation 
exists according to which a basal section is divided into four sectors in polarized 
light. If Grattarola's description is correctly interpreted, the Beccarite would 
show some correspondence with certain microscopic grains of the rounded white 
Zircon from Kuils River, as regards optic anomalies. 


If such a grain is orientated on (001), it presents a subsduarish crystal 
outline, the original prism faces being rudely represented. 'To simplify the 
description, the basal section may be divided into four triangular sectors by 
drawing diagonals connecting the corners of the “sguare.” When the c-axis 
of the zircon closely approaches parallelism to the microscope axis, that is, when 
the grain shows very low interference colours, optic anomalies become visible. 
In this position every sector seems to consist of two sets of alternating lamellae 
With composition faces parallel to the corresponding prism face. 'The two sets 
of lamellae extinguish simultaneously when the lateral crystallographic axes are 
parallel to the vibration directions of the nicols. 'The anomalous effect is 
accordingly best observed in a position 45% from the above-mentioned extinction 
position, when a slight difference in the birefringence of the two sets of 
1amellae becomes apparent. 'This effect is enhanced by the use of the gypsum 
sensitive tint, one set of lamellae eshibiting an increase, and the alternate 
set a decrease in the interference tints. 'The optical character of any one set 
of lamellae in a certain sector corresponds to that of another set of lamellae 
in any other sector, and the entire crystal has two common positions of 
extinction. ln these positions the interference figure seems to be uniaxial and 
is clearly defined, but in the intermediate positions the interierence ilgure 
becomes indistinct. 

In accordance with Mallard's opinion this phenomenon may be attributed 
to polysynthetic twinning of monoclinic individuals which are slightly biaxial 
in character. On the other hand it is possible that the anomalous effects 
referred to above in crystals from the Kuils River concentrate which are 
characterised by undulose extinction, or striations and partings, may be due 
to pressure, unidirectional heating or irregular molecular growth. But in the 
case of the observed “lamellar twinning” the authors are inclined to favour 
the view that the phenomenon may be attributed to subseguent structural 
rearrangements. 

Various types of inclusions are observed in the white zircons: zones of 
liguid and gaseous bubbles; colourless rods of a mineral with low refractive 
index and birefringence (Fig. 1 A), and irregular, rounded or elongated clots 
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which may be hydration products of zircon (Fig. 1 B). 'This alteration may 
be seen to commence along cleavage planes and cracks, or about the rodlike 
inclusions, and is accompanied by a rapid drop in the birefringence, hardness 
and specific gravity of the zircon, while the refractive index decreases to less 
than 1.6. All these inclusions have a tendency to lie parallel to the c-axis 
of the zircon, though any orientation is possible. Radial and parallel 
Orientation of the rodlike mineral and linear orientation of dubble groups are 
common. Alteration products and inclusions may so affect zircon that its 
distinction from leucoxene becomes difficult. 

(b) The pink z#ircons. Approzimately 1% of the zircon grains are distinctly 
coloured, showing weak pleochroism in various shades of brown, blue and green, 
but the dominant type of coloured zircon is the pink variety. Varying from 
stout to slender in crystal habit, the pink zircons are characterised by very 
well developed prism faces and are terminated by numerous bipyramidal facets. 
Abrasion effects are generally limited or entirely lacking, but well rounded, 
badly stained pink zircons may also occasionally be found. 'The intensity of 
the pleochroism varies with the colour. 'The pleochroism is o — pinkish to 
pinkish-brown, e— yellowish-green to brownish-green. Zoning is generally well 
developed. 'The pink zircons seem to be more susceptible to alteration than 
the white zircons. 'Transverse cracking (Fig. 1 CO), and initial alteration along 
prominent zones of the pink zircons are common. 

Subseguent growth of zircon about a previously rounded core, is not rare, 
and this tendency seems to be especially strong in the case of the pink zircons. 
The cores also seem to be pink, and are not zoned, and crystal growth did not 
cease after the idiomorphic repair of the core, but was succeeded by subseduent 
oscillatory zonal growth (Fig. 1 E). Crystal repair is, however, not limited to 
the pink zircons. A well rounded, pale pinkish-brown zircon repaired by 
subseguent outgrowth of pure white zircon (Fig. 1 D), a well rounded white 
Zircon with numerous ore and bubble inclusions enveloping a rounded white 
Zircon, and a slightly rounded white zircon crystal including a subangular 
guartz grain, provide a few examples of crystal repair by subseduent growth. 
Some of these grains with complex crystal histories might be derived from a 
metamorphosed sedimentary succession. Pinkish-brown and yellowish-brown 
zircons are of fairly common occurrence in the Cape Peninsula Granite and 
accordingly the structure of the idiomorphic pink zircons which envelop 
rounded cores, occurring in the Kuils River concentrate, may probably be 
related to the process of assimilation of country rock by the invading granite 
in the area under consideration. 


In Table 111 a comparison is made between the dimensions and the degree 
of rounding of zircons: (a) from the Kuils River concentrate, (b) from the 
T.M.S. overlying the Nama Granite at Botmanskop and Stellenbosch Mountain, 
Stellenbosch, and (c) from the T.M.S. and granite of the Cape Peninsula (1, 2). 

The method of expressing the general degree of rounding of a mineral, 
in the case of a mineral such as zircon for example, by means of an average 
elongation index seems to be inadeguate and might even be misleading, since 
no measure of a definite directional variation of the mean elongation index 
With varying habit of the mineral, or of the possibility of mechanical grading 
as a dominant factor in the distribution of grain-size, is indicated. Furthermore, 
if we bear in mind the fact that the low index of elongation characterising 
a considerable proportion of the Kuils River white Zircons, may probably be 
attributed to the breaking up of original crystals along a basal parting already 
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TABLE TIT. COMPARISON OF ZIRCONS FROM DIFFERENT LOCALITIES. 


a b c 


Average 
Elongation 1:55 2:67 1-59 1-88 1-57 1-92 3:07 
Index 


Average 
Size in v15E 10) 20-08 | “12-08 || 1508 | slaai? || s1ADLEOT | SIG SAOG 
MM. 


Greatest 
observed 4.75 5-63 3:00 2:67 
Elong. Index 


LY 
EG] 
Ot 


3:00 12-8 


9%, Zircons 
Definitely —95 10 490 480 100 765 5 
Rounded 


i. 900 White Zircons from Kuils River Concentrate. 


ii. 90 Pink Zircons from Kuils River Concentrate. 
iii. 100 Zireons from base of T.M.S., Botmanskop. 
iv. 10 Zireons from 250 feet above contact of T.M.S., Botmanskop. 


V. 30 Zircons from 2,500 feet above contact of T.M.S., Stellenbosch Mountains. 
vi. Zircons from T.M.S., Rondebosch. 
vii. Zircons from Granite, Cape Peninsula. 


referred to, it is clear that comparative deductions based on an average 
elongation index alone, may be open to duestion. 


In order to circumvent this difficulty, the salient characteristics of 200 
white Kuils River zircons and a hundred zircons from the basal contact of 
the TM.S. (see Table IID) are graphically compared in Diagram I. In the case 
of the zircons from the former locality, the diference between the average 
elongation values obtained by the authors, both of whom measured a hundred 
grains, amounted to 0.1, and accordingly the experimental results recorded 
below must be regarded as being only approsimations. 


Smithson (9) concludes that zircons derived from sedimentary rocks usually 
have elongation indices ranging from 1.0 - 2.0, whereas zircons of igneous origin 
are characterised by indices ranging from 2.0 - 5.0. He, however, draws attention 
to the fact that the range of elongation indices of zircons of sedimentary origin 
usually shows some transgression into the range of indices of igneous zircons. 

From Diagram I (a) it is apparent that the bulk of the zircons from the 
Kuils River concentrate and T.M.S. (Botmanskop) fall well within Smithson's 
range of sedimentary zircons. 'The lengths and breadths of these zZircons 
plotted against their freguency (Diagram 1 (b)), yield relatively smooth and 
similar curves, and indicate that the zircons from the TM.S. under consideration 
are persistently of smaller dimensions than those from the Kuils River 
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Breadth in Units 
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Elongation Indez' Units of Length Length in Units 


Diagram I. (a) Diagram showing the elongation index and freduency 
distribution of Kuils River zircons (solid circles) and zircons from base of T.M.S., 
Botmanskop (white ceentred circles). (b) Diagram showing the length and 
breadth freguencies of Kuils River zircons (solid black circles) and zircons 
from base of 'TMS., Botmanskop (white centred circles). (c) Diagram 
comparing the actual variation in mean size of zircon grains with different 
shapes, that is, different elongation indices (curves AB and AB”), with the 
hypothetical variation in mean size of perfectly graded zircons (curves ACOD 
and A'CD”). Curves AB and ACD refer to Kuils River zircons, while curves 
AB and A'CD' apply to zircons from base of TM.S., Botmanskop. 
(N.B—One unit of length — .0158 mm.) 


concentrate. The slight asymmetrical nature of the breadth-freguency curves 
is probably due to the presence of feebly rounded zircons having relatively 
high elongation indices. Diagram I (c) (dotted lines) illustrates that, when the 
elongation index increases, an approximately regular increase in the mean length 
and a decrease in the mean breadth of zircon, is evidenced. 


Smithson (9) states: “.... assuming that the association of srains of 
certain shapes and sizes, in a sediment is determined by some modification of 
Stokes's law, . . .. the falling velocity of a sphere may be expressed by the 


formula V — Kd*.” (On condition that $.G. remains constant) where V — falling 
velocity, d — diameter, and K -— a constant. Since the zircon grains are not 
spheres but particles with tetragonal symmetry, (1Ib2)4 is substituted for d, where 
1 — length, b — breadth of grain. 

The Kuils River concentrate contains zircon grains ranging in shape from 
spherical to elongated grains. 'The mean size of the spherical grains (with 
elongation index egual to 1.0) is 6 units (see Diagram 1 (e)). Let V, be the 
upward velocity of a current which just supports these spherical grains (see 
page 11). 


Therefore, the general formula: 


V ss Kd: 
s Kb) 
- KI DS 
becomes V, - K(6) .(6)43 
—Kx 6? 
— 36K 
therefore li b4/3 -— 86, 


not only for spherical grains but also for all shapes of zircons just supported 
by the same current with an upward velocity V,. 
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Accordingly for each value of b a value of 1 may be calculated, and the 
result is graphically shown by the dotted line ACD in Diagram 1 (ce). 'This 
curve may be said to represent the hypothetical variation in sizes of zircon 
grains with different shapes (i.e. different elongation indices), in which spherical 
grains of this dimension will just be supported by a current with a steady 
upward velocity of V, - 36K. Diferently stated, the same curve may be said 
to represent the hypothetical variation in sizes of zircon grains with different 
shapes, which will just settle from a current with a steady upward velocity of 
V,.8 * (36-123)K, (where $ is small) and will be found associated in a sediment. 


Curve AB may be said to represent the actual variation in mean sizes of 
Zircon grains with different shapes (i.e. different elongation indices) in which 
spherical grains at one end of the range of different shapes have a mean 
diameter egual to 6 units. 


The fair correspondence between the general trend of curves AB and ACD, 
having point A in common, is apparent, and seems to suggest that the mean 
sizes of zircon grains with different shapes from the Kuils River concentrate 
are approximately graded, that is, all these grains with mean sizes would 
probably be just supported by, or settle from the hypothetical upward currents 
V, and V,.$ respectively, or very nearly so. It will be appreciated that only 
the mean sizes of zircon grains from the Kuils River concentrate according 
to a range of shapes (or elcngation indices) are taken into account, whereas 
sizes of individual grains are overlooked. Explained in terms of grading as 
described above, variations in the sizes of grains with the same shape would 
be due to fiuctuations in the velocity of the upward current supporting the 
grains. Accordingly, only the mean size of grains with a certain shape 
(ie. elongation index) is taken into account, and would approximately be 
representative of the mean velocity of the current under consideration. 


Identical curves have been drawn for zircons from the T.M.S. (Botmanskop). 
In this case the mean size of spherical grains (having elongation index — 1.0) 
is 4.6 units, and accordingly the upward velocity of a hypothetical current just 
supporting zircon grains with a range in shapes (ie. elongation indices) in 
which spherical grains (With elongation index - 1.0) at one end of the range 
of different shapes have diameters 4.6 units, may be expressed by the formula: 
Vi. 7 KHL3 s 2116 K. 

In Diagram 1 (ce) curves ACD and A'B' are closely similar and grading 
seems to have affected zircons from the TM.S. and Kuils River concentrate 
in an essentially similar manner. 'The zircons from the former locality are 
persistently of smaller dimensions than zircons from the Kuils River concentrate, 
no doubt owing to a lower velocity of the transporting current. 

Grading of the zircons from the Kuils River concentrate might probably 
have been affected partially during the process of mechanical concentration of the 
cassiterite ore. 'The TM.S. zircons were not panned in the laboratory to such 
an extreme stage, and grading is probably authentic in this case. This statement 
seems to be supported by the fact that intercalation of coarse and fine grained 
sandstones accompanied by a concomitant fluctuation in general size of the 
associated detrital heavy minerals (zircon, ore (ilmenite), rutile and tourmaline), 
which seems to indicate the presence of rapid variations in the velocities of 
the transporting currents during transit, and in the range of grade-size of the 
minerals constituting the rock, is characteristic of the basal strata of the 
TM.S. at Botmanskop. 
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2. THE TITANIUM-BEARING MINERALS 


The titanium-bearing minerals, ilmenite, rutile, anatase and brookite 
constitute more than a third by weight of the original concentrate. It is 
noteworthy that all three paramorphic forms of the pure titanium-dioxide is 
present, though in varying proportions. 

(a) IImenite. 'The bulk of the “opadue' ore seems to consist of ilmenite. 
This mineral occurs as black, well rounded and smooth, 'beady' grains, or as 
irregular or rhombohedral fragments. When seen under a high objective, 
powdered grains may be translucent and rich brown to nearly colourless on 
very thin edges. In reflected light the mineral exhibits a purple to bluish 
colour. 'The ilmenite is rarely fresh, and partial decomposition to leucoxene 
is of common occurrence. 'The last-named mineral is yellowish or greyish- 
white in colour, with unevenly and deeply pitted surfaces, and it generally 
occurs as a coating about other grains. As a matter of interest it is of 
importance to draw attention to the fact that a certain percentage of the ore 
seems to consist of wolframite, also badly decomposed. In transmitted light 
this mineral is difficult to distinguish from ilmenite. Chemical tests of the 
ore revealed the presence of titanium, iron and tungsten. A polished bakelite 
mount of this fraction of the concentrate revealed normal and structureless 
ilmenite. 


(b) Rutide. 'This mineral occurs as well-worn, oval to elongated grains. 
Any gradation of colour from amber-yellow to yellowish-green, orange-yellow, 
dull yellow-brown, brownish-red and dark-brown to black may be observed in 
fragments of the same size, although the dark red-brown variety is of most 
Common occurrence. A large percentage of the rutile grains were coated with 
oxides to such an extent as to render their identification impossible. 'These 
grains were successfully treated with dilute hydrochloric acid, as previously 
described. Pleochroism in shades of red-brown is distinct, especially in those 
grains exhibiting polysynthetic twinning lamellae (Fig. 2 CO). “Usually these 
lamellae are finely developed and are responsible for the formation of numerous 
surface grooves running transverse to the longest diameters of the rutile grains. 
The occasional occurrence of grains exhibiting sagenitic intergrowths, is 
suggestive of a primary origin from a host such as biotite, from which the 
reticular rutile was released by decomposition. 'The fredguent jinclusion of 
bubbles in rutile grains, seems to be indicative of the high-temperature origin 
of this mineral. 


A close relationship seems to exist between all the titanium-bearing minerals, 
particularly in the case of rutile and ilmenite. A close similarity exists between 
the mean size of rutile and ilmenite grains (Table IT), and both minerals are 
characterised by a rounded to 'beady' habit. Owing to longitudinal splitting 
rutile commonly has a plane or concave surface on one and a normal convex 
surface on the other side of a grain, parallel to its longest diameter, while 
the same phenomenon may be observed in the case of the ilmenite. Further- 
more, there exists a range in the intensity of colour and the degree of 
absorption of rutile grains, some of which may exhibit opague or black areas, 
while ilmenite grains occasionally show dark-red patches. From the fore-going 
it would seem as if an alteration of rutile to ilmenite is in progress, and 
accordingly the relative abundance of ilmenite in the material under investigation 
may perhaps be ascribed in part to such a process. 
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(c) Anatase is Yfairly common, constituting about 1%. of the rutile 
fraction. 'This mineral occurs as irregular to fairly well rounded or straight- 
edged grains, exhibiting well-developed pyramidal cleavage traces. Anatase, 
even though orientated on such a cleavage direction, shows high interference 
colours and uniaxial negative interference figures the optic axes being inclined 
to the microscope axis at approximately 25%. Both a Yellow and a blue 
variety of anatase is present in the concentrate, but the latter variety is by 
far of the most common occurrence. Owing to the high refractive index and 
the intensity of coloration of anatase, the distinction of this mineral from 
ilmenite and the investigation of its optical properties becomes difficult, except 
in convergent light, or when the grains are immersed in a highly refracting 
medium. 

Evidence of crystal repair was commonly encountered. `Well rounded to 
Subangular fragments of dark blue anatase were #freguently found embedded 
in subrounded grains of pale-blue anatase (Fig. 2 F). In one instance two 
distinct grains of the former variety were found as inclusions in a fragment 
of the latter variety, all three grains being in optical continuity. Pyramidal 
cleavage traces are better developed in the dark-blue than in the pale-blue 
variety of anatase, the former commonly exhibiting remarkably well developed 
lamellar structure and triangular meshworks, (Fig. 2 D) In general, irregular 
distribution of colour, the presence of brownish or yellowish opadue areas 
within the grains, and more advanced state of decomposition are distinctive 
characteristics of the dark-blue variety of anatase. 'The dark-blue anatase is 
pleochroic, o — dark-blue, & — colourless or pale-blue. 'These facts would 
seem to point to the existence of two different varieties or ages of anatase, 
the paler variety being the younger. A rounded grain of a yellow-green and 
a few grains of the dark-blue variety were found embedded in fragments of 
subseguent yellow anatase. From the fore-going it seems clear that more 
than one age of anatase is present. 'The relation between anatase, brookite, 
rutile and ilmenite is not clear. 

(d) Brookite. 'This paramorphic form of titanium-dioxide, is rarer than 
anatase and occurs chiefly in the rutile fraction. Its habit varies from 
Sub-angular to straight-edged (Fig. 2 B) and sduarish. 'The birefringence is 
very high and the extreme dispersion accounts for the imperfect extinction 
in white light. Nearly all the grains investigated appear to be flattened parallel 
to (100), since they yield well centred interference figures in which the axial 
plane for red to yellow and blue to green light respectively are mutually 
perpendicular. In this position two prominently coloured sets of isogyres are 
to be seen, one set being reddish and the other greenish, and axial angle of 
both these sets is approximately 15% 'The colour of brookite is yellowish-brown. 
It is possible that anatase and brookite are both inversion products of Tutile. 


3. CASSITERITE 


The characteristic habit of this minera] is from uneven to angular (Fig. 2 A), 
although very well rounded grains may occasionally be encountered, and in 
general it may be said that cassiterite, formed by mechanical disintegration 
of local tin-bearing rocks, provides a sharp contrast to the well-rounded 
grains of zircon, rutile, ilmenite, and tourmaline. As a result of its high 
specific gravity, this mineral is found concentrated in the zircon #raction. 

The main types of twinning in the Kuils River cassiterite are the following: 
(a) irregular repeated twinning lenses, (b) networks of two sets of very finely 
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Fig. II. A. Cassiterite X 160. B. Brookite X 200. C. Polysynthetically 
twinned rutile X 226. D. Dark-blue anatase X 210. E. @uartz X 215. 
F. Pale-blue anatase X 210. 


developed twinning lamellae with one set subordinate to the other, or entirely 
suppressed, and (c) contact twinning of two large pleochroic individuals. Under 
the microscope the cassiterite has a greyish to brownish colour, and is rarely 
pleochroic. One half of a grain may be pleochroic, while the other half is 
non pleochroic. Pleochroism: oo — pink to brownish-pink,  — greyish-white 
Or green. 

Numerous dustlike inclusions are characteristic of the cassiterite. Since 
the bulk concentrate recovered by Messrs Krige and Hofmeyr contained only 
approximately 48% of cassiterite, a special investigation was conducted with 
the object of devising a method for improving the grade of the concentrate 
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in the most economic manner so as to yield a marketable product. A 
consideration of Diagram TT (a) discloses the fact that a -1/16” (16 mm.) and 
40 U.SS. (040 mm.) fraction would contain about 86% of cassiterite or 
approximately 60% of metallic tin .... that is the highest economic ore 
concentration that can be effected simply by grading, with.a small loss of 
Cassiterite which could eventually be recovered by retreatment of the -40 
fraction in a concentration plant. 

Some facts of academic interest revealed by this investigation are 
considered below. A thousand grams of the original concentrate was 
mechanically graded into six fractions. 


Taprtg IV. WEIGHT PERCENTAGES OF CONSTITUENT MINBRALS. 


Fraction Retained by Mesh Weight % Cass. | Weight % Rest | Total Weight % 

A 1/16” (41:6 mm.) 0-0 0-7 0-7 

B 10 IM.M. (-41-27 mm.) ES 5-0 16-1 

O 30 U.S.S. (: 56—- 60 mm.) 25-5 0-7 96-2 

D 40 U.S.S. (:40—-45 mm.) 6-9 oë) 7:5 

B 60 U.S.S. (: 24—-30 mm.) d.7 5-3 9.9 

F Very small — 39-6 39-6 
TOTAL — 47:5 59-5 100-0 


N.B.—The dimensions of a sieve-mesh refer to the apertures of the mesh, so as 
to indicate directly the maximum size of grains passing that particular 
sieve. 


The experiments of Pearson and Sligh (10, page 1192) have shown “that 
the average diameter reckoned as D — “DIt, where D, 1 and t are the arithmetical 
means of a number of determinations of the breadth, length and thickness 
respectively of grains, checks very closely with the mean of b for both the 
air-elutriated grades and the material on 100- and 200-mesh sieves.” Jn the 
microscopic examination of cassiterite from Kuils River the smallest dimensions, 
D, of self-orientated grains (which 'do not touch each other) were measured. 
The average dimension of b for any fraction seems to correspond closely to 
the arithmetic mean of the two average screen apertures of sieves limiting 
that fraction. : 

Owing to the fact that the degree of rounding and characteristic habit 
of grains of both dguartz and cassiterite are respectively fairly uniform in tie 
concentrate, we may assume that the volume of any grain of a given mineral 
approximates the cube of the mean diameter, b, multiplied by a certain constant. 
Formulated mathematically: 
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Di3 —- VK. (Where V — volume of grain, K - constant) 
ENDIE 
ip ie ABEL 


According to Pearson and Sligh D z It Eed! 
and the volume becomes D% — V 


In the subseduent determinations on the concentrate the more general 
formula, $: - VK, was used. 

In each of the above-named fractions the mean diameter, b, of a large 
number of grains was measured, the relative abundance of the constituent 
minerals was noted, and the weight percentage of cassiterite relative to that of 
the gangue, was calculated. (Table IV.) @uartz was the exclusive gangue mineral 
in fractions A to E, ilmenite became accessory in E, and F was practically 
devoid of cassiterite. 'The relative abundance of grains of a given mean 
diameter, b, from #fractions A to E was recalculated as weight percentages 
of the entire concentrate (that is fractions A to F), and the results are 
graphically represented in Diagram II (a). 

From this diagram it is apparent that the volumetric bulk of the cassiterite 
is concentrated between relatively narrow mean breadth limits, and in this 
range the tin-ore is accompanied by only a very limited amount of gangue 
(mainly duartz). '1t would thus seem as if the cassiterite may Treadily be 
concentrated by means of appropriate sieves. 

The general antipathetic relation of the cassiterite and duartz weight- 
percentage curves, and the two “shoulders” exhibited by the former curve, is 
of interest when compared with the grain-freguency curves. (Diagram II (b).) 
In order to gain a better idea of the freguency distribution of the various 
grain-sizes, the freguency of grain-size in any particular part of the curve 
should be compared with another part of the curve representing the same 
percentage increase, but not the same actual arithmetic increase, in grain 
diameter. For example, the freguency of grains with mean diameter, b, lying 
in a section of the grain-diameter scale from 0.1 io 0.2 mm. should be compared 
With the freguency of grains with mean diameters lying in a section of the 
grain diameter scale from, say, 1.0 to 20 mm., an increase of 100% in mean 
diameter from the smallest to the largest grains characterising both sections. 

The radiating grain freguency (R.G.F.) scale (Diagram II (b)) represents 
the grain freguency varying against a mean-diameter scale on which the 
spacing of successive sections on the latter scale are all of egual magnitude, 
corresponding to the common diference d — .06 mm. of an arithmetical 
progression. (See Diagram II (b)) 'The corrected grain #reguency, as ezplained 
above, may be found from the normal horizontal grain freguency scale (NHF.) 
on which the spacing of sections of the grain freguency scale should increase 
in magnitude according to a common ratio 7 of a geometric progression. 

Tt will be observed that in the case of the NHF. scale, two peaks are 
displayed by the cassiterite grain-freguency curve (C.GF). 'The left and 
higher peak corresponds to the left shoulder of the C.W.P. curve, the right peak 
to the summit, and the markedly #flattened portion of the CGF. curve 
corresponds to the right shoulder of the C.W.P. curve. 'The rapid decrease 
of the left portion of the C.G.F. curve as opposed to the more gradual decrease 
on the extreme right, is probably authentiec and not introduced as a result 
of selective retention by the 60 U.SS. mesh, since the amount of tin-ore 
in the material not held by a sieve of this mesh is very small. 
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Diagram II. (a) Diagram showing the variation in cassiterite weight percentage 
(C.W.P. curve with white centred circles) and auartz percentage (@.W.P. curve 
with solid black circles) with varying mean grain diameter. (b) Diagram 
representing grain freguency according to a radiating grain freguency (R.G.F.) 
and a normal horizontal grain freduency scale (N.H.F) with varying mean 
grain diameter. Cassiterite Grain Freguency (C.G.F. curve with white centred 
Circles). G@uartz Grain Freguency (@G.F. curve with solid black circles). 


The duartz weight percentage (@.W.P.) and grain freguency (@.G.F.) curves 
(Diagram II (a) and (b)) each show a flat and a partial steep peak. 'This 
fact strongly suggests the presence of two genetic varieties of dguartz having 
different physiographical histories. 'The principal forces of rock disintegration 
active in the area under consideration would seem to be chemical weathering 
and soil-ereep, and probably account for the angular duartz grains with mean 
diameters essentially greater than 0.5 mm. It is, however, difficult to imagine 
how the above-named forces of disintegration would have been responsible for 
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the production of a considerable amount of medium to fine-grained subrounded 
grains, not to mention the well-rounded small zircons. 


4. TOURMALINE 


The mineral occurs in sduarish or oval grains. (Fig. II A) The degree of 
rounding is generally high, except in the case of grains traversed by pronounced 
eracks. Such grains may show irrzegular shapes and anomalous interiference 
figures due to the effect of erystal strain. Although the tourmaline exhibits a 
wide range of colour and pleochroism, three principal varieties may be 
recognised: 


Brown j — brownish-black, redbrown, shades of brown and purple. 
Tourmaline: | & - colourless. 

Blue fo blue-plack, shades of blue. 
domrmsine ic Ccolourless or faintly brown. 


Green w — blue-green, grass-green, or dark-green. 
Tourmaline: c — brownish-green, colourless or pink. 


e 


II 


The refractive 'indices of browr tourmaline  - 1.625 4 (0.003, and 
w — 1.650 4 0.003, seem to be slightly lower than that of the blue and green 
varieties. Brown tourmaline constitutes approsimately 90% of the tourmaline 
fraction, while green tourmaline is duite rare. 

Colour zoning, grading from an irregular distribution of brown, blue, or 
shades of brown, to sharp colour contacts along relatively smooth dividing 
planes, is common. 'The latter variety usually forms parallel zones, but in 
one grain a combination of three zonal bands, one at right angles to the other 
two, was observed. 

The usual inclusions are: white rods of mineral with positive elongation, 
seemingly decomposing to a brown alteration product, and both primary and 
secondary minerals have a refringence lower than tourmaline; fine closely- 
packed fibrous inclusions; bubbles of gas or liguid; small oval inclusions which 
are either scattered evenly, or else concentrated along a few zones or cracks 
in an otherwise clear tourmaline grain. 

Tourmaline, approximately corresponding to the above-named varieties, has 
been described from granite of the Oape Peninsula (4, 8). Accordingly, the 
tourmaline of this concentrate may probably be regarded as being derived 
at least in part from this granite and associated pegmatitic intrusions. 


5. THE RARER MINERALS OF THE KUILS RIVER CONCENTRATE 


In addition to the minerals described above which form the bulk of the 
concentrate, careful investigation revealed the presence of thirteen species of 
minerals occurring only in traces. Three of these, namely brookite, anatase 
and leucoxene have already been described. 

(a) Epidote. Several well-rounded grains of epidote were found in the 
tourmaline and rutile #ractions. A well-developed basal cleavage is fairly 
persistent (Fig. III. E); as a result the grains are freguently orientated in a 
position with an optic axis lying just of the centre of the field. 'The mean 
refractive index, #, ranges from at least 1.78 up to 1.765 4 0.003, indicating the 


presence of a continuous series from clinozoisite to a highly ferric pistacite. 
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Fig. MIT. A. Tourmaline X 215. B. Andalusite X 260. (CO. Pyroxene X 920. 
D. Topaz X 210. E. Epidote X 210. F. Sillimanite X 235. 


This change in composition is accompanied by an increase in refractive index, 
birefringence, depth of colour, strength of pleochroism and dispersion, and by 
a decrease in 2Va. 

A grain with # - 1.780 4 0.003 was practically colourless under the 
microscope, clouded with brown opague inclusions, and biaxial positive with 
2Va — 4 95%, and (y-a) — 4 01. Another grain with # — 1.743 4 0.003 exhibited 
a clear vyellowish-green colour and faint pleochroism, stronger birefringence 
and smaller 9V,. lIntense yellow-green colour, marked pleochroism and 


dispersion, were observed in a grain of epidote with # - 1.765 # 0.0038, 
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2Va — 4700 and (y-a)- 4 (0.040. Grains with # - 1.75 4 0.003 were of most 
freguent occurrence. 

Epidote is probably largely derived from the contact zone of the granite 
and Malmesbury Series. According to Scholtz (8), epidote has a wide distribution 
in the Cape granites as a secondary mineral. 

(lb) Pyrozene. 'The optical examination of the tourmaline fraction 
revealed the presence of a number of grey, rounded grains of moderate 
birefringence, full of dustlike inclusions, and often characterised by a nearly 
centred optic axis. The fact that many grains appear to be definitely orientated, 
is suggestive of the presence of a comparatively well-developed cleavage or 
parting, yet no cleavage traces could be detected. Some of the grains are 
slightly elongated in one direction and the mazimum extinction angle measured 
against this direction varied between 30% and 40%, while 2Vy — 459 (Mallard 
method), # - 1.655 24 0.003, y — 1.68 # 0.003, (y-a) — # 0.03; dispersion is 
distinct, Ed! 

The original mineral appears to have been colourless, but owing to advanced 
decomposition, especially along irregular cracks (Fig. II O), the grains have 
become extensively clouded by brownish, opadue material. No pleochroism 
could be observed. 'This mineral must, therefore, be a pyroxene approsimating 
in composition to an augite with low refringence, or a variety of diopside with 
1ow axial angle. Such minerals have to our knowledge not been reported from 
the granite of the Cape Flats, although according to Scholtz (8), diopside is not 
an uncommon mineral in contact aureoles of the Nama granites. Accordingly, 
this mineral may be derived from the contact zone of the granite and 
Malmesbury Series. 'The advanced stage of decomposition of the mineral seems 
to indicate that it was derived from a local source. 

(c) Topaz. 'Topaz was present in the rutile fraction as well-rounded white 
cleavage fragments with centred positive acute bisectrix. ?2Vy-— # 659 and 
B — 1.62 4 0.003. The usual brownish decomposition products are attached to 
or penetrate the topaz grains (Fig. III D). This mineral is probably derived 
from the contact zone of the granite and Malmesbury Series and from associated 
greisens. 'The presence of topaz has previously been recorded by Scholtz (8) 
in the Langebaan granite and in the contact zone at Kuils River. 

(d) Amdalusite. `Well-rounded grains of andalusite were commonly found 
in the tourmaline fraction. 'The elongation measured against cleavage traces 
is negative, the optic angle is large and the birefringence low. 'The colour 
is pink and the pleochroism typically from rose-red to colourless. As regards 
colour and pleochroism, andalusite is sometimes distinguished only with 
difficulty from certain varieties of tourmaline. Brown opadue material restricted 
to cracks and surface hollows is the main type of inclusion in an otherwise 
clear andalusite grain. (Fig. MI B.) 'This mineral might be derived from the 
local contact zone. Andalusite was first noted by Rogers and du 'Toit in the 
Schaapenberg granite (12). According to Scholtz (8) it also occurs in the 
granite of Fishhoek and Kuils River. It is interesting to note that Milner 
(6, p. 497) states that the degree of alteration of detrital andalusite, derived 
from contact metamorphic rocks, is usually far more advanced than that of 
grains of this mineral derived from andalusite-bearing granites, 

(e) Sillimanite. One sub-rounded grain of sillimanite was found in the 
tourmaline fraction (Fig. III F). 'This grain was colourless, elongated in one 
direction, and Sflattened parallel to a perfect cleavage direction. Optical 
properties: 2Vy — # 25% (ya) - 40.02; # — 1.66 4 0.003: dispersion strong, 
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p— v. Tn the position shown in the figure, the grain, orientated on the cleavage 
direction, showed maximum birefringence. 'The grain was almost colourless 
and duite free of inclusions. 'This mineral too, has probably been derived from 
the contact zone of the granite, the presence of the variety fibrolite having been 
recorded by Scholtz (8) in the Darling and Cape granites. 


Fig. IV. A. Rounded zonal garnet X 965. B. Spinel X 225. C. Garnet X 170. 
D. Garnet X 280. E. Corundum X 208. 
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( Corundum. 'Two badly-rounded grains of corundum were found in 
the rutile fraction. One grain was practically colourless, the other of a pale 
blue colour. Both grains were clouded by irregular, brownish opadgue material, 
while the blue grain in addition showed colourless, strongly birefringent 
inclusions of regular form (Fig. IV B), and refringence appreciably lower than 
that of corundum. 'The corundum might reasonably be expected to be derived 
from metamorphosed aluminous xenoliths of the Malmesbury Series, but to 
our knowledge no mention has been made of its presence in the rocks of the 
area under consideration. 

(&) Garnet. Six grains of garnet were found, one in the rutile and the 
rest in the magnetic fraction. With the exception of one large badly-rounded, 
straight-edged conchoidal flake of garnet (Fig. IV C), they were all well-rounded, 
presenting even surfaces similar in appearance to the usual brilliant surfaces 
Of zircon. 'Traces of prominent re-entrant angles due to subconchoidal 
fracturing and rectangular patterning (Fig. IV C and D), are characteristic of 
these garnet grains. A rounded euhedral crystal of garnet showing faint zonal 
structure is depicted in Fig IV A. 

Under the low powered binocular-microscope all the grains were distinctly 
pink in colour, but as seen under the miscroscope they were mostly colourless 
or faintly pink, except for the large, badly-rounded grain with a deep salmon- 
pink colour. 

The usual types of inclusions are bubbles and brownish decomposition 
products. In addition the large pink grain n — 1.80 4 0.003 (Fig. IV C) contains 
compact masses of black iron ore, and irregular to spheroidal grains of a slightly 
birefringent nature, all of them conforming to a distinct zonal arrangement. 
A variation in composition of the garnet grains is indicated by a range in their 
refractive indices from as low as 1.178 4 (0.0038 up to 1.815 4 (0.003. Assuming 
that we are dealing with an almandine garnet, a range in composition from 
Py,,Al,, to PY,,Al,, seems probable. Like most of the preceding aluminium- 
rich minerals, the garnet is probably derived from the contact Zone. Scholtz (8) 
reports that garmiets are sparsely distributed in xenoliths and schlieric patches 
throughout the granites of the Western Province, but are abundant in the 
Darling Granite. In connection with the scarcity of garnet in some sediments, 
Milner states (6): '“.... under certain conditions (mechanical) almandite is 
singularly unstable and is “lost' in deposits where it might be anticipated to 
oceur in duantity.” 

(h) Spinel. On discovering a well-rounded, minute pitted isotropic grain 
with distinct olive-green colour under the medium powered objective of the 
microscope, the presence of a spinel in the concentrate was suspected. 'This 
grain had a large orientated inclusion showing an external form similar and 
approximately parallel to that of the host grain. In some positions the oikoeryst 
exhibited octahedral, and the chadacryst bipyramidal outline (Fig. IV B). 'The 
inclusion was a perfectly developed, white, anisotropic crystal With a maximum 
birefringence of about 0.02. 'The refractive index of the parent grain was 
approximately 1.82 4 (0.003, while that of the inclusion was appreciably lower. 
The parent grain was remarkably free from inclusions or alteration products, 
but the decomposition of the chadacryst to a dark brown opadgue material had 
already proceeded to an advanced state. 'The spinel is possibly a variety of 
ceylonite, derived from the contact zone or disintegrated xenoliths in the 
granite. 'The presence of euhedral crystals of pleonaste in xenoliths in the 
granites of the Cape Peninsula and of Darling, is mentioned by Scholtz (8). 
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(i) Monaazite. 'The presence of monazite or xenotime was not suspected 
until a number of zircon grains from the magnetic fraction were immersed in 
dimethyl-di-iodo-arsene-a-monochlor-naphthalene mixture of refractive index 
4 1.8. In this liguid, which is brown in colour, the white zircon grains owing 


A. B. GV 


Fig. V. A and B. Slightly rounded zonal monazite grain in two positions X 160. 
C. Xenotime X 430. 


to dispersion are bluish and characterised by high relief. In this fraction of 
the concentrate a few brownish grains with low relief were observed. 'The work 
of van der Lingen and Walker (11) led us to conclude that these grains were 
probably xenotime, but on determining their optical constants they proved to 
be monazite. 

Owing to the presence of three pinacoidal cleavages, this mineral usually 
occurs as rectangular to sub-rounded grains, and many of these fragments are 
fiattened parallel to the basal cleavage, thus yielding approximately centred 
biasial interference figures. (Of common occurrence are sub-rounded idio- 
morphic crystals of monazite, with prominently developed dome faces and 
well-developed to small ortho- and clino-pinacoidal faces. One such crystal 
exhibited numerous zonal bands (Fig. V A). 'The dimensions in mm. of this 
crystal were as follows: a :*b:c — 0.06 : 0.19 : 0.16. As a result monazite crystals, 
which are usually orientated on a dome face, show negative elongation 
(Fig. V B). 

Although monazite is generally regarded as being weakly magnetic, the 
bulk of the monazite grains was found in the moderately magnetic fraction. 
A few monazite grains were also found in the zircon and tourmaline fractions, 
but their concentration was very low. 

The colour of the monazite grains is distinctly brown; bpleochroism is 
absent; 2Vy-— 160 (Mallard method); # -— 1.783 4 0.003; dispersion moderate, 
py. The birefringence approximately corresponds to that of zircon, that is 
(yo) — 4 0.05. The most common inclusions are probable decomposition products 
of monazite, gas-filled cavities and occasional acicular cerystals of a white mineral 
closely resembling that observed in zircon and tourmaline. 'The monazite grains 
are badly rounded and are probably of 1ocal derivation from the underlying 
granite and associated pegmatitic intrusions. 
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(j Xenotime. Further investigation of the magnetic fraction immersed in 
a medium of refractive index 1.75, revealed the presence of four or five grains 
of xenotime, and there can be little doubt that zenotime is at least twenty 
times as rare as monazite in the Kuils River concentrate. 


In all these grains the degree of rounding was insignificant, since the prism 
faces and prismatic cleavage were well developed. Accordingly it was extremely 
difficult to secure a centred interference figure. A modification of Larsem's 
method was applied by preparing a slide containing a xenotime crystal amongst 
hundreds of ilmenite grains, and to carefully roll the grains about by applying 
lateral pressure with a pencil against the cover-glass until the xenotime, 
Supported by other grains, acduired the desired orientation. 


Owing to the fact that only a few xenotime grains were found, nothing 
positive can be stated concerning their crystal habit. However, the observed 
grains exhibited well-developed prism faces and positive elongation, similar to 
that of zircon (Fig. V C). Van der Lingen and Walker maintain that xenotime 
is relatively abundant in heavy mineral concentrates from the Kuils River 
District (11). In their description of heavy mineral concentrates from certain 
Cape Province granites, special attention is drawn to the characteristic 
pyramidal habit of the xenotime, which stands in marked contrast to the 
prismatic habit of the associated zircons. 'The present investigation, however, 
tends to show that the xenotime is definitely a much rarer constituent of the 
concentrate than the monazite, and this considered in conjunction with the 
fact that the crystals of monazite display very well developed pyramidal 
extremities (Fig. V C), whereas those of xenotime are definitely prismatic, is 
contrary to the results of the earlier investigators (5, 19). 'Taking into 
consideration the fact that the published results are backed by chemical and 
spectroscopic data, further investigation seems essential. 'The possibility of 
variations in composition especially as regards the more rare minerals of the 
distributive province which in the case of the monazite and xenotime would 
seem to be limited to the contact aureole of the granitic intrusion, must also 
be taken into account. 


Xenotime is uniaxial positive With o — 41.72, & — # 1.82 its birefringence 
being approximately twice as high as that of monazite or zircon. Seen in a 
brown immersion liguid used for the determination of its refractive indices, the 
colour is yellow-brown, and a weak pleochroism may be observed with 
v — yellowish brown, e — pale yellowish brown. 'The slightly biasial character 
observed in all the uniasial minerals of the concentrate is also characteristic 
of the xenotime grains, and axial angles up to 4o were measured. 'The 
interierence figure of xenotime exhibits peculiar and distinctive dispersion 
effects whereby the mineral may easily be recognised. When the slightly 
eccentric and the practically uniaxial interference figure is examined in any 
of the diagonal positions of the microscope stage a pronounced bluish fringe 
characterises the isogyres in the duadrant facing the centre of the field, while 
in the opposite dguadrant the isogyre fringes are distinctly reddish. Relatively 
feeble colour fringes appear in adjacent guadrants, and the isophasal curves 
are seen to be deformed. 

Xenotime, in general, occurs as an accessory mineral in granites, muscovite- 
granites, pegmatites and gneisses, and as a contact metamorphic product of 
limestones. O. A. Derby considers the occurrence of xenotime in rocks to be 
associated with the presence of potassium, and it seems as if sodium-rich 
magmas do not favour the crystallisation of xenotime (3). According to 
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van der Lingen and Walker the main distribution of the xenotime “in the 
granite is within a broad marginal zone and, further that it owes its origin 
in part to assimilation of material from the Malmesbury Series by the invading 
magma and in part to physical conditions such as those of temperature, 
conductivity, hydrodynamic circulation, etc.” (12). 


IV. THE PROVENANCE OF 'THE MINERALS UNDER 
CONSIDERATION 


A glance at Table IT will immediately reveal the fact that the heavy mineral 
concentrate under consideration is flooded with the oxides of silicon, zirconium, 
titanium and ferric iron, all of which are very stable under atmospheric 
conditions. 'The high degree of rounding of the grains of the concentrate 
considered as a whole is noteworthy. It seems as if the atmospheric conditions 
which affected the minerals occurring in the Kuils River concentrate are highly 
destructive to all except the most stable minerals, both as regards abrasion and 
decomposition. In this respect the absence of apatite and amphiboles which 
might reasonably be expected to occur in the concentrate, is significant. 


During the process of mechanical concentration, well-rounded grains of 
minerals with high S.G. would probably be retained selectively. Less well- 
rounded grains owing to the proportional greater surface area and their 
irregular form, would tend to be lifted bodily and swept away by water. 'This 
effect would be intensified in the case of minerals of low density. Accordingly, 
the tourmaline grains with a S.G. of about 3 shows a very high degree of 
rounding, whereas cassiterite with S.G. approximately ' typically occurs in 
angular or subangular grains. Although tourmaline is far more widely 
distributed in the Kuils River area than cassiterite, the latter mineral constitutes 
the greater proportion of the concentrate. 'This effect would be due in part 
to the process described above and to the probable proximity of a tin-bearing 
1ode in the vicinity of the area where the sample was collected. Limited 
transport, high density and- great hardness are the principal factors which 
may account for the low degree of rounding of the cassiterite grains in the 
concentrate. 

Table V compares the sedimentary tendencies according to Milner 
(6, p. 499) of the minerals known or suspected to occur in the concentrate. 

The majority of the minerals present in traces in the concentrate seem 
to have been derived from (a) the contact zone of the granite and Malmesbury 
Series, (b) the granite itself, (c) xenolithic inclusions in the granite. 'The 
characteristic association of highly aluminous minerals like topaz, andalusite, 
sillimanite, garnet and corundum seem to be indicative of a local provenance. 
The two phosphates, monazite and xenotime probably have a common origin. 
Owing to its freshness, the former mineral may be considered to be significant 
of provenance (6). “Chloritic matter” is suggestive of the original presence of 
ferromagnesian minerals such as augite, hornblende, biotite, etc. (6). 
Wolframite and pyroxene are probably also of local derivation. 

If we exclude cassiterite, a simple, local provenance is by no means 
established for the bulk of the principal mineral constituents of the 
concentrate, such as zircon, ilmenite, rutile, tourmaline and duartz. 'The 
following paragraph is a summary of Milner's observations concerning these 
five detrital minerals (6). 
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TABLE V. OBSERVED SEDIMENTARY TENDENCIES OF THE MINERALS OCCURRING 
IN THE CONOENTRATE. 


Mineral Oce. Stab. Freg. Mineral Occ. Stab. Fred. 
Zircon oe D S @ Topaz do D s @ 
@uartz DA s Cc Epidote sa DE A s ë 
TImenite Moe D s c Clinozoisite ... D s i 
Rutile ' D & A S d Andalusite ... D s 1 
Oassiterite de D S 1 Diopside 3 D s| 1 
Tourmaline  ... D s c Brookite se AA &D s T 
Limonite sei A s c Almandite ... D s Cc 
Leucoxene MA SED S € Xenotime  .. D Hi s vr 
Chlorit. mat. ... |A & D s 1 Oorundum  ... D s T 
Anatase DE A s| Cc Titanite oe] DE A s T 
Wolframite ... D S 1 Sillimanite ... D - r 
Monazite se D - r Ceylonite  ... D s r 


N.B.—In the above table the tendencies are denoted as follows :— 
oecurrenece (Occ.) by D—detrital, A—authigenie; 
chemical stability (Stab.) by S—stable, s—moderately stable;; 


Comparative freguency of occurrence (Freg.) by c— common, 1—local, r—rare, and 
vr—very rare. 


Zircon is almost invariably an accessory mineral in detrital deposits 
Tourmaline is an ubiduitous mineral species owing to its stability, and like 
zircon it may survive several erosional cycles, when its worn character together 
with other criteria may be significant. Perfect euhedral forms of rutile in 
detrital sediments are probably authigenic, but derived rutile is met with 
universally and particularly in aeolian deposits. IImenite, an ubiguitous species 
in dedrital sediments, is of far commoner occurrence than any other iron 
ore, including magnetite and has been recorded from deposits of every 
stratigraphical horizon ranging in age from Precambrian to Recent. @uartz 
is the most common constituent of detrital sediments. 

Heavy mineral concentrates from T.M.S. from three different localities were 
found to consist essentially of rounded grains of zircon, ilmenite, rutile and 
tourmaline (Table VD). These four detrital minerals appear in approximately 
the same relative proportion as in the Kuils River concentrate. Except for 
tourmaline, the grain-sizes of the heavy minerals from the TMS. overlap 
the grain-sizes of the corresponding minerals in the Kuils River concentrate. 
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TaBLe VI. COMPARISON OF THE DIMENSIONS OF HEAVY MINERALS FROM 
DIFFERENT LOCALITIES. 


Average grain size in mm. ye 
Mineral i ii iii iv 
Zireon ie “15 Xx -10 “12 08 (50) “15% 08 (5) “18% -12 (30). 
IImenite sie ol ees) “12% 09 (10) 22be 17 (8) “26% -19 (15) 
Rutile EE Ba sg aile) “14% -08 (10) “21% -16 (6) 98-18 (9) 
Tourmaline  .. 17% 14 SU OoNE) lede BANG (dy) “14% “10 (1) 


i. Kuils River Concentrate (K.R.C.). 
ii. T.M.S., Botmanskop, fine-grained basal strata. 
ii. T.M.S., Botmanskop, medium-grained sandstone 250 feet above basal contact. 
jy. T.M.S., Stellenbosch Mountain, coarse-grained sandstone 2,500 feet above basal contact. 


It has been pointed out previously that according to colour and degree 
of rounding the zircons occurring in the Kuils River concentrate may essentially 
be divided into two contrasting groups: (a) well-rounded white Zzircons, 
(b) idiomorphic pink zircons. 'The latter variety is indicative of a local 
provenance, but the history and provenance of the former group seem to be 
more obscure. From Table IT it is apparent that the pink zircons (ii) apart from 
the degree of rounding may be said to resemble the zircons from granite (vii) 
most closely while the white zircons (i) show a corresponding similarity to 
zircons from the TM.S. (iii, iv, v). 

In the TMS. and Kuils River concentrates, ilmenite followed by rutile 
in order of abundance, is the most common heavy detrital mineral after zircon. 
Well rounded grains of brown tourmaline is of freguent occurrence in the lower 
TM.S. strata at Botmanskop and a broken grain of blue tourmaline was recorded 
from the main duartzite horizon of the TM.S. succession on Stellenbosch 
Mountain. 

'The distributive province of the four essential heavy minerals, zircon, 
ilmenite, rutile and tourmaline (as well as guartz) occurring in the Kuils River 
concentrate is discussed below: 


A. A primary local provenance. That is derived from (a) the contact zone 
of the granite and Malmesbury series, (b) the granite itself. This is not only 
the nearest but also the most logical provenance, and would seem to be capable 
of supplying practically all the heavy minerals of the concentrate. Several 
objections may, however, be raised against this postulated provenance as the 
source of derivation for the bulk of the concentrate: 


(3) The forces of disintegration active in the Kuils River area seem to 
be ijincapable of producing well-rounded, fine-grained particles of 
extremely hard minerals. (Topographically this area is not high above 
the base-level of erosion, and distances of transportation from provehance 
to region of deposition are short.) 
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(ii) The proportion of coloured zircons should have been greater. 
(iii) The wide gap existing between the average dimensions and degree of 


rounding of the colourless and pink zircons is difficult to explain if 
A is the only distributive province. 


(iv) The duartz weight percentage (@.W.P.) and grain freguency (@.G.F.) 


(v) 


18%. 


curves each show two peaks (Diagram ID. 'This fact suggests the 
presence of two genetic varieties of duartz. 


In contrast to the general habit of the five minerals under discussion 
(viz, Zzircon, ilmenite, rutile, tourmaline and duartz) the cassiterite, 
derived from a local primary source, is (a) of persistently larger size, 
(b) of a decidedly irregular nature. 'This argument applies most 
strongly to the tourmaline and duartz which, like cassiterite, were 
probably also derived from an original relatively coarse-grained rock 
type. 


A secondary (sedimentary and metamorphic) local provenamce, such as 


the Malmesbury Series. Although nothing is known about the nature of heavy 
detrital concentrates from rocks of the Malmesbury formation, this series 
constitutes a highly probable distributive source. A few objections may, however, 
be raised against this provenance: 


(i) The forces of disintegration active in the area under consideration 


(ii) 


seem to be incapable of producing well-rounded, fine-grained duartz 
particles (compare A (i) above). Grains of zircon, ilmenite or rutile, 
partially enveloped by duartz are not of common occurrence. 


The two peaks exhibited by the duartz weight percentage (@.W.P.) 
and grain freguency (@.G.F.) curves are not satisfactorily explained, 
especially if the high degree of rounding of the fine-grained duartz 
fraction is taken into account. 


(iii) The zircons of the concentrate seem to be too large to have been 


C. 


derived from a fine-grained sediment, e.g. the Malmesbury strata. (In 
this connection compare the average grain-sizes of heavy minerals from 
the T.M.S. (Table VI)) 


A residual provenance which not only includes A and B but also the 


T.M.S. which has been removed from the area under consideration. 'The 
following obiections 'militate against a Tresidual derivation of the heavy 
concentrate from the T.M.S.: 


() 


(ii) 


The conditions necessary for such a residual concentration of heavy 
mineral grains are highly specialised. 


Assuming that such a residual concentration did take place, it seems 
logical to expect that the zircons from the lower part of the TM.S. 
should be better represented in the Kuils River concentrate than 
zircons from the middle or upper strata of this formation. 'This 
investigation of three samples of heavy concentrates from the TMS. 
(Table VI), revealed that the zircons from the lower part of this Series 
are mostly coloured, while the percentage of white zircons increases in 
higher stratigraphical horizons. It has, however, been shown that the 


D. 
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well-rounded Zireons in the Kuils River concentrate are nearly all white, 
that is just the reverse of what may be expected in the case of such 
a residual concentration. 


An ertensive ertraneous provenamce embracing (a) the Nama granite, 


CD) the Malmesbury Series, (c) the T.M.S., confined to the Peninsula and 
adjoining regions of the Western Province, (d) the above-named and other 
formations in more distant localities. If the heavy minerals in the Kuils 
River concentrate were derived from the denudation of the above-named 
formations, a combination of fluvial, marine and aeolian transportation should 
be responsible for the presence and form of the mineral grains at the site 
of deposition. In such an extensive distributive province it seems likely that 
the TM.S. will function as the most important source: 


(1) Since the deposition of the T.M.S., this formation has undergone a 


greater degree of denudation than the Nama granite and Malmesbury 
Series in the area under consideration. The marine and coastal deposits 
of the Cape Flats seem to have been produced by a redistribution of 
material derived from the T.M.S. and attention must be drawn to the 
fact that the Kuils River area under consideration directly adjoins these 
Coastal flats. 


(2) A1 the objections raised against or complications implied by provenances 


A, B and C seem to be adeguately explained by D (ce), that is the 
highest proportion of white zircons in the Kuils River concentrate would 
be due to the fact that heavy mineral grains from the upper part of 
T.M.S. would be better represented in the Kuils River concentrate 
than heavy mineral grains from the basal strata of the TM.S. 


(3) The heavy minerals of the TM.S. show a close correspondence to the 


essential heavy minerals of the Kuils River concentrate as regards 
species, relative abundance, average size and degree of rounding (see 
Table VI and pages 24 to 96). 


The relative value of the other possible provenances D (a, b, d) is not known, 
and though less important than D (c), they may all have contributed in greater 
or lesser amount to the heavy minerals occurring in the Kuils River concentrate. 

The two principal objections which may be raised against D are as follows: 


d) 


(ii) 


Protracted and specialised conditions of transportation are necessary 
for the concentration of the heavy minerals in the area under 
consideration. 

A distant source is assumed in order to account for the presence of 

the heavy minerals in the area under consideration, thereby ignoring 

the possible contribution from local provenances. Neither of these two 
arguments appear to carry much weight since: 

(a) There is reason to believe that specialised conditions of trans- 
portation actually existed, and to some extent still ezist in the 
area under consideration. (See D (1).) 

(b) Subaerial conditions of denudation at the local source seem 
incapable of producing fine-grained, well-rounded grains of very 
hard minerals. 
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In conclusion it may be stated that though the provenance of the essential 


detrital minerals such as zircon, ilmenite, rutile, tourmaline and duartz is 
somewhat obscure, it is likely that the bulk of this material was probably 
indirectly derived from 'Table Mountain Sandstone. The cassiterite and the 
majority of the rarer detrital minerals appear to have been released by the 
weathering and disintegration of the Malmesbury Series, the intrusive granite 
and mineralised lodes. 
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I. INTRODUCTION 


In the present paper a petrographic examination of the heavy residues of 
the Cape Flats dune sands, eleven miles to the south of the farm Langverwacht 
and about three miles to the west of Faure Siding was undertaken. A channel 
sample, taken over a five foot cross-section of a dune, weighing approsimately 
200 kilogram was dried, coned, duartered and a representative portion was 
submitted to the Department of Agriculture for chemical analysis. 'The original 
sample reduced in bulk by panning to approximately two kilograms yielded 
about one gram only of a very fine-grained heavy residue when mechanically 
separated by heavy liguids. 

The fraction lighter than Bromoform consisted mainly of duartz and some 
micaceous minerals in advanced state of decomposition, as in the case of the 
Kuils River concentrate. 'The degree of rounding of the duartz grains varied 
from sub-angular to well rounded. 'The fraction of density greater than 2.9 
still contained a large proportion of triturated shells. 'To facilitate examination, 
half of this fraction was treated with concentrated hydrochloric acid. 'These 
two portions were then separately fractionated in Methylene Iodide. Owing 
to the fineness of the grains it was found that the grains of higher density 
tended to cling to the sides of the vessel. A further division was then made 
in Clerci's solution, diluted so that pure Willemite of density 4.0 just sank. 
The Bromoform as well as Clerci's fractions were then separated into magnetic 
and non-magnetic portions, with the aid of a horse-shoe magnet with adjustable 
poles. (See Table I (a)) 

A mineral count was then made of a slide constituting a representative 
sample of the entire heavy mineral concentrate and the percentages listed in 
Table I (b) were obtained. 


Table I (a) Table I (b) 


f (a) non-Magnetic 


' j 3012 

1 SG 2933 l (b) Magnetic Zircon 2 
IiImenite 21.5% 

TE SG 3a Ao N. Undivided fraction Tourmaline 90.8% 
f (a) non-Magnetic ao 

HASE AO j| (b) Magnetic Leucoxene 15.4%, 
Rutile 8.3% 

Epidote Di3 

Rest TER 

100.0% 


Minor constituents not recorded in the table are in relative order of 
abundance: spinel, topaz, garnet, andalusite, brookite, ottrelite and some 
unidentified minerals. 'The following minerals found in the Kuils River 


138 


concentrate were absent in the Faure dune sands: cassiterite, anatase, pyroxene, 
monazite, xenotime, corundum and sillimanite. Tt is noteworthy that no 
phosphates were found. 


IN. DESCRIPTIVE PETROGRAPHY OF THE 
DETRITAL MINERALS 


1. ZIROON 


In the Faure dune sand concentrate the zircon constitutes 30% of the entire 
heavy fraction. Two varieties could be distinguished namely the colourless and 
pink, but the latter appears to be proportionally less abundant than in the 
Kuils River concentrate. 'The majority of the zircons occurred in fraction NI a. 
In the case of the Kuils River concentrate and the Faure concentrate the zircons 
were so similar that only the major points are enumerated below. 

Microscopically the colourless zircons are seen to be brilliant grains, well 
rounded and devoid of crystal faces. Crystals having well developed faces are 
limited and constitute a very small percentage of the zircons. A number of 
grains exhibited #flattening parallel to (001). Optical anomalies were 
encountered, as described in Rabie and Conradie's paper. lInclusions were in 
some cases arranged parallel to the length of the crystal whilst in other cases 
they were irregularly distributed or radially orientated. 'The inclusions were 
either gaseous, liduid, or rod-like. 

The pink zircons are not abundant. 'They have a distinct pleochroism and 
are usually devoid of crystal faces. Pleochroism varies with colour: o — shades 
of pink and salmon, and  — yellowish-brown. Jn a few instances angular 
fragments were repaired by subseguent crystal growth. A few yellowish-brown 
zircons were also found and these almost invariably have larger gaseous 
inclusions and are stouter than the other varieties. lIn general the average 
elongation index of 300 zircons found in the Faure concentrate is 3.2 and their 
average dimensions 0.09 mm. by (0.020 mm. 'The former value corresponds 
closely with the elongation index of zircons from the Cape Peninsula granite. 
It is, however, significant that the zircons of the Faure concentrate are 
considerably smaller than those present in the Kuils River concentrate but in 
size they are not very different from the T.M.S. zircons from Botmanskop, whose 
dimensions are 0.12 mm. by 0.08 mm. It is noteworthy that on the one hand 
well rounded zircons comprise about 95 percent of both the Kuils River and 
Faure concentrates, yet on the other hand, apart from the difference in the 
mean values, the longest observed elongation index of the former is 4.5, 
whereas that of the latter is 6.00. 


2. THE TITANIUM-BEARING MINERALS 


(a) IImenite. 'The magnetic fraction III (b) consists almost entirely of 
ilmenite. 'The mineral grains are well rounded, with smooth, pitted surfaces 
and of a beady to slightly elongated appearance. In refiected light the mineral 
exhibits a purplish-plue colour. Finely powdered fragments are translucent 
along their margins exhibiting a light to rich brown colour, in transmitted 
convergent light. 

Many grains are altered to leucoxene. 'The abundance of this mineral 
and its association with ilmenite points to the large-scale alteration of the 
latter. (Cores of ilmenite were also observed in a number of leucoxene grains 
as well as pseudoimorphs of the latter after the former. 
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A polished bakelite mount, examined under the ore-microscope revealed 
the fact that the grains were distinctly anisotropic but devoid of exsolution 
phenomena. NO wolframite was found in this concentrate. 

(b) Rutile occurs as well rounded to angular, mainly elongated grains 
coloured yellow, reddish-brown and red. In rare cases a combination of these 
colours may be found in a single grain. Reddish-brown rutile is the commonest 
and exhibits the most distinct pleochroism from yellow-brown to deep 
red-pbrown: 

A large percentage of the rutile particularly the red varieties exhibits 
polysynthetic twin lamellae under ecrossed nicols. Bubble-like and other 
orientated inclusions were occasionally observed to be present in the rutile. 

Although the rutiles have a greater degree of elongation than the ilmenites, 
the inclusion of ilmenite in some rutile grains is suggestive of the transformation 
of the former into the latter. 

(c) Brookite. In the non-magnetie #fraction III (a) a few grains of 
brookite were found. These seem to be fragments of sub-angular grains, ranging 
in size up to 0.15 mm. by 0.23 mm. 'The mineral has a high relief, a brownish- 
yellow colour and is barely translucent. Pleochroism was not discernible, no 
doubt owing to the flattening of the grains parallel to the (100) direction. 
Conoscopic examination proved the mineral to be practically uniaxial in green 
light, while the axial angle in air for red appears to be normal, and positive. 
In white light the interference figure exhibits the extreme dispersion so 
characteristic of the mineral. 

According to A. N. Winchell brookite changes to rutile at high temperature 
and occurs in cavities of igneous and metamorphic rocks. 


3. TOURMALINE 


The mineral occurs ir sduarish or oval grains. 'The shape, degree of 
rounding, inclusions, parallel zoning, cleavage and effect of ecracks closely 
resemble that of the mineral from the Kuils River concentrate. 'Three varieties 
can also be distinguished, that is brown, blue and green. 'The degree of rounding 
appears to be less than in the Kuils River concentrate and brown tourmaline 
predominates to the extent of 94 percent. 'The variation in the pleochroism 
of the different types of tourmaline is very similar to that observed by Rabie 
and Conradie in the case of the Kuils River tourmaline varieties. 

The refractive index of the brown tourmaline is slightly less than that 
obtained for tourmaline in the Kuils River concentrate, with a corresponding 
decrease in the blue and green varieties. Colour zoning is particularly common 
and characteristic of the blue tourmalines. A tourmaline grain, measuring 
0.85 mm. by 0.65 mm., with a pale blue core and deep blue mantle was repaired 
in optical continuity along part of the rim by outgrowths of brown tourmaline 
(Fig. I D). Tt is remarkable that some of the tourmalines of the Faure dune 
sands show little or no rounding which is suggestive of a local provenance. 


4. EPIDOTE 


In fraction II a fair number of well rounded grains of epidote were found, 
and in the Faure concentrate as in the case of the Kuils River concentrate 
these nearly always yield a centred optic axis in convergent light under crossed 
nicols. 
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The mineral composition also has a wide range, shown by the continuous 
variation of # from 1.725 to 1.761 (4 0.008). The colour of the mineral varies 
from colourless, greenish-yellow, yellow-green, to the characteristic pistachio- 
green. Brown opadue, as well as colourless inclusions were observed. 


Pig. 1. A. Unidentified mineral X 850. B. Unidentified mineral X 600. 
C. Spinel X 450. D. Blue tourmaline with outgrowths of brown tourmaline 
X 500. E. Ottrelite X 350. 


5. RARER MINERALS OF THE FAURE CONCENTRATE 


(a) Spinel. A number of grains of spinel were obtained in fractions II 
and III. 'The colour of the mineral is bright olive-green and grains exhibited 
characteristic conchoidal fracture. 'The examination of a subangular grain 
measuring 0.08 mm. by 0.06 mm. displaying an apparent zonal distribution of 
colour from dark olive-green to pale-green in the centre, proved on closer 
examination to possess a concave upper surface. (Fig. I C) Some of the 
surfaces are pitted and small inclusions are common. 'The refractive index 
n — 1.175 4 (0.003. 'The mineral is, as in the case of the Kuils River concentrate, 
a variety of pleonaste, and is probably derived from the contact-zone or from 
disintegrated xenoliths in the granite. 

(b) Topaz. 'This mineral was found in fraction II. 'The grains were fairly 
well rounded, clear and transparent and displayed traces of the basal cleavage. 
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2Vy — 659 and # - 1.616 (4 (0.003). 'The topaz is probably derived from the 
contact-zone of the granite and the Malmesbury series as has been suggested 
in the case of the topaz from Kuils River. 

(c) Garnet. Several garnets were found in the magnetic fraction II B. 
The fracture of the grains is irregular and sub-conchoidal. 'Traces of re-entrant 
angles, resulting from intersecting conchoidal fractures similar to that displayed 
by certain Kuils River garnets were found. 

The grains were isotropic, with a distinct pink colour and abundant 
inclusions. 'The refractive index varied between 1.800 and 1.890 (4 (0.003) 
probably indicating a variation in composition from Spessartite to Almandite. 
As in the case of the Kuils River garnets the inclusions are usually bubbles, 
and brown decomposition products. 

(d) Andalusite. Angular grains of andalusite were found in #raction II. 
The grains were usually colourless to pink and exhibit one good cleavage. A 
pink to rose-red pleochroism is characteristic and the mineral inclusions 
probably consist of carbonaceous matter. Refractive index # is edual to 1.636 
4 (0.003. The probable provenance of andalusite has already been discussed by 
Rabie and Conradie. 

(e) Ottrelite. 'Two grains of olive-green ottrelite were found in the 
hydrochlorie acid #fraction of density 3.3 to 4.0. One clear grain was well 
rounded (Fig. I B), while the other which was subangular, held numerous small 
unorientated isotropic inclusions. 'Three cleavage traces were discernible and 
two of these were inclined to 66% to one another. 

Under crossed nicols the grains ezhibited undulose extinction. lIndistinct 
interference figures with axial angles up to 25% and characterised by marked 
dispersion were obtained. 'The refractive index # - 1125 4 0.003 and the 
pleochroism olive-green to greenish-blue. Research work now in progress 
strongly suggests that this mineral is a typical low grade regional metamorphic 
product developed along the pronounced unconformity at the base of the 
Cape System. 


6. UNIDENTIFIED MINERALS 


(a) A fairly well-rounded, rectangular but tabular greenish-blue grain, 
whose shape appears to have been determined by three mutually perpendicular 
cleavages, was found in fraction IT. An interference figure was obtained with 
an optic azis just beyond the field of vision but the ootic axis could not be 
centred, since on rolling, the grain persistently lay on .ts flattened side. In 
order to obtain a better interference figure, the grain was crushed. A biaxial 
figure with axial angle approximately 900 was obtained and mean index of 
refraction proved to be about 1.69. (Fig. 1 A) j 

(b) In the magnetic fraction III (b) a peculiar purplish-red isotropic grain 
measuring 0.036 mm. by 0.031 mm. was obtained. 'The grain which possessed 
a refractive index higher than 20 unfortunately broke on removing it from 
the sulphur-selenium melt. One well-developed, horizontal, as well as TWO 
indistinct vertical cleavages were recognised (Fig. I B). 'The identity of the 
mineral could not be established. 
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III. CHEMICAL CHARACTERISTICS OF DUNE SAND 


The results of the analysis of a representative sample of untreated dune 
sand made by the staf of the Department of Agriculture are recorded below: 


CaCO, 43 .00% 
P.O; 0.088 % 

O 0.101% 
MnO EE GER ek ide EN 1 
DE ORR be OGE Roe RS De eN 8.47 
Resistanieës ss Ad Ee n OE N. N 1950 ohms. 


The low conductivity of the dune sand indicates that it contains practically 
no soluble salts that may be injurious to plant-growth. 'The abundance of 
triturated shelly matter probably accounts for the relatively high percentage 
of calcium carbonate and the small amount of phosphate returned by the 
analysis. Decomposed grains of alkali feldspar and micaceous material may 
be regarded as constituting the source of the potash. If it were possible to 
raise the lime content through the removal of the bulk of the duartz by some 
economic mechanical process the product would constitute an excellent 
agricultural] lime. In its present state it could be locally utilised with advantage 
to counteract the acidity in sandy soils or to improve the structure and texture 
of silty soils. An excellent top dressing for lawns and soil for the cultivation 
of nursery plants could be prepared from this dune sand by the addition of 
adedguate amounts of humus. 

As in the case of the Kuils River concentrate no definite conclusions can 
be reached as to the source of the major constituents of the Faure dune sand 
heavy concentrate. 

The absence of cassiterite in the heavy residues of the dune sands from 
Faure is significant considering the proximity of the Langverwacht tin deposits, 
thereby coniirming the conclusion arrived at by Rabie and Conradie concerning 
the provenance, distribution and probable mode of transportation of the ore. 


N MIGROSCOPIE AK INMVESTIGS HO OT 
THE HEAVY MINERALS 
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1. INTRODUCTION 


The sand under investigation was collected on the banks of the Breede 
River at the bathing site —a spot two miles to the south-west of Robertson. 
The analysis was undertaken at the suggestion of Dr. D. L. Scholtz, with the 
ultimate view of supplying further information on the possible provenance 
of the heavy minerals in the sands of the Western Province. Eventually, the 
correlation of this, and other analyses of sands from the above area will be 
undertaken, in an effort to unravel this intricate problem. 

As far as could be discovered, no investigation of sand from this area has 
ever before been undertaken. 'The analyses, done on other sands of the 
Western Province will, however, be taken into consideration in an effort to show 
any striking contrasts or similarities. 

The extensive and diverse character of the drainage area of the Breede 
River greatly enhances the diffieulties encountered in the subseguent correlation. 


At the most, conjectures can only be made as to the probable provenance of 
the different minerals. 


IN. MECHANICAL AND PHYSICAL PROCESSES EMPLOYED 
DURING THE SEPARATION 


The sample of the sand had already been slightly concentrated by means 
of panning, when it was first received. A further intensive panning operation 
was resorted to, and a dark-coloured, “heavy concentrate” was thus obtained. 
This fraction still contained a fair amount of auartz. A tentative heavy liguid 
separation was, therefore, carried out with bromoform, to remove the remaining 
duartz. 'The minerals which sank in this liguid were collected, dried, weighed 
and labelled: Heavy Concentrate. 

This portion had a dark colour, and consisted on the whole of extremely 
fine particles. 'The small size of these grains made the subsedguent “heavy 
liguid” separation inaccurate, and only approximate at the most, since the 
grains were easily affected by the surface tension of the separating liguids. 
This inaccuracy can be observed by looking at Table II, whence it is clear 
that no portion was wholly pure. A smaller or greater degree of contamination 
of adjoining fractions is in evidence throughout. 

Initial to the heavy liguid separation the strongly and moderately magnetic 
minerals were removed by means of an electromagnet. In the subseduent heavy 
liguid separations, during which Bromoform, Methylene Todide and Clerci's 
solution were used, the “Heavy Concentrate” (denominated by R), was separated 
into the fractions B, C, D and E (see Table T). Fraction D was obtained from 
a repeat separation of the combined C and E portions. It was found to contain 
minerals with an S.G. of approximately 3.3. 
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TABLE T. 
of (vtb.) 

A Magnetic Portion spe ae 0-428 gms. 3-06 
D SG —a3 N N sd 0 -059 gms. 1-09 
B SEL SO E RD sos . ss 0-141 gms. 9:58 
CO S.G.—B-8SA4-18 AE se 1-511 gms. 27:07 
E S.G.—4-18 se se sd 3- 643 gms. 66-20 
TOTAL Se 5782 gms. 100-00 

R Reserve of H.O. ... 3a oo? 8-161 gms. — 

Toraz, Heavy Concentrate ES 13- 843 gms. — 


As a result of the microscopic examination of each portion, the following 
minerals were found to constitute the bulk of the Heavy Concentrate: Zircon, 
Leucoxene, Rutile, TImenite, Tourmaline and Garnet. Less abundant, but not 
uncommon minerals are Epidote, Monazite, Ottrelite and Xenotime, while the 
very rare minerals are Brookite, Titanite, Aegerine-augite, Corundum, Zoisite, 
Forsterite and Hematite, while there is a possibility of Chrysoberyl and Calcite 
being present. 

A grain count of the main constituent minerals in the separate above- 
named fractions was conducted. This result was recalculated to weight 
percentages, and gave the results listed in 'Table TI. Another count of the 
minerals in R, was done as a check. 'The mean values of these calculations 
can be taken as representing the constitution of the Heavy Concentrate. 


TABLE TI. 

Zircon | Rutile | IImenite | Leucoxene Tourmaline Garnet | Rest | ToTAL 

A 3:6 0-00 68-1 d-1 0-00 18:5 10-8 | 100-0 
B 4-6 0-00 4-6 30-0 59-30 0-00 8:5 | 100-0 
D 9-0 5:50 6-9 90-3 56-00 0-00 83-0 | 100-0 
C 1:5 1-00 1-2 90-0 0-00 0-50 5-8 | 100-0 
BE 57:8 20-50 3-3 14-0 0-00 0-00 4.9 | 100-0 
Av. | 38-4 18-80 4.8 34-8 9-10 0-60 5-5 | 100-0 
R 38-1 12-80 4.5 35-4 2-00 0-80 6-6 | 100-0 
Mean | 88:38 13:30 4.6 35-1 2:05 0-70 5:95] 100-0 
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III. PETROGRAPHY OF . THE DETRITAL MINERALS 


1. ZIROCON 


A microscopic count revealed that nearly fifty percent of the grains in the 
heaviest fraction E consists of zircons. They occur either as euhedral or rounded, 
transparent grains. Under the microscope they are generally colourless, but 
a few were found to be slightly coloured in tints of pink or yellow-brown. 
In the well preserved crystals the prism faces are prominent, while inferior 
bipyramidal faces always terminate the crystals if they are not broken or 
otherwise deformed. Zoning is a common feature, particularly in those grains 
with the best preserved crystal faces. ln every case the zoning takes place 
around a zircon core and the zonal part of the grain assumes a dirty-yellow 
colour. (One representative zoned grain showed the enclosed zircon to have 
the typical cerystal shape, With slightly rounded edges. Dense aggregates of dark 
inclusions gave it a semi-opadue appearance, which contrasted markedly with 
the zoned part, which was clear, and of the usual yellowish colour. In size 
the zircon grains range from 0.10 mm. by 0.06 mm. to (0.36 mm. by 0.16 mm. 
The measurement of 200 zircons returned an average size of 0.19 by 0.12 mm. 
and an average elongation index of 1.57. 'The smaller grains appear to have 
attained a better degree of rounding than the larger ones. 

Taking the different degrees of rounding into consideration, the zircons 
were divided into two groups: 

A. The well-roumnded 2ircons. (83.0%. of the total zircons.) Average size: 
0.18 mm. by 0.13 mm. and average elongation index: 147. It is evident that 
the zircons falling in this category have been subjected to a lengthy period 
of abrasion. They have smooth, finely pitted surfaces and sometimes a perfectly 
oval shape. In ordinary light under the microscope they have dark edges and 
a slightly opadue appearance owing to the partial total reflection of light as 
a result of their high refractive index. lInclusions were rarely observed in these 
grains. Six of these grains were examined in convergent polarised light. 'They 
all had perfectly uniaxial interference figures. 'Two of them showed optical 
anomalies, when viewed along the c-axis. 'The normal interference figure was 
still in evidence when the c-axzis of the mineral was inclined at an angle of 
about 15% -90% to the axis of the microscope, but when the figure is centred 
by rotating the grain, optical anomalies immediately became visible. In the 
parallel positions the N-S isogyre completely faded, while the E-W one became 
accentuated, wavy, and about double its normal width. While the isochromatic 
curves, instead of being circular and concentric, become nearly straight in 
each dguadrant. In the diagonal positions the whole interference figure became 
difused. 

B. The euhedral aircons. (17% of the total zircons.) 'These grains with 
well preserved crystal facets are characterised by an average index of elongation 
of 2.05, the average dimensions being 0.22 by 0.09 mm. 'The grains have smooth 
surfaces, and more than 80% hold minute to large inclusions, often in great 
abundance. lrregular aggregates, or radiating or parallel zones of gas bubbles 
are common. Some of the grains are completely filled with minute, evenly 
distributed bubbles, giving them a slightly opadue appearance. A colourliess 
acicular anisotropic mineral is another common type of inclusion. It has 
an extinction angle of 0% -8o, and a refractive index less than that of zircon. 
Though not commonly orientated in the zircon, these inclusions sometimes lie 
parallel to the c-axis. An isotropic, granular inclusion, which may be brown, 
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reddish, or even green is rather common. 'This may represent hydration products 
of former inclusions. A brownish, anisotropic inclusion of irregular or rounded 
form, and with low refringence was occasionally observed. Surface cracks, 
orientated parallel or perpendicular to the c-axis, are commonly encountered, 
though this orientation is not always apparent. lInterference figures were 
rather difficult to obtain, owing to the prevalent elongation of the crystals 
and no optical anomalies were observed. A small percentage of the zircon 
grains were olive-yellow or pale-pink in colour, with feeble pleochroism from 
olive-yellow or pink, (e) to colourless (o). Tt is noteworthy that the coloured 
grains all belong to the euhedral type of zircon. Other grains, stained yellow, 
or dirty-brown also belong to this class. 


2. RUTILE 


Rutile is another of the important constituents of the heaviest fraction B. 
This mineral occurs as yellow or reddish-brown, semi-opadue grains, when 
viewed under the microscope. 'The grains are best examined in conoscopic 
light, where they are seen to have scarred surfaces, and well rounded spherical, 
oval or elongated forms. No original crystal faces were observed but in some 
grains the crystal habit is still apparent. 'The characteristic sagenetic pattern 
is of diagnostic value. (Often this effect is supplemented by striae or cleavage 
traces parallel to the c-axis. A few typical geniculate twins were found. Some 
grains were pleochroic. Many of the rutiles evinced pleochroism in shades of 
brown, as With om — dark reddish-brown and e — Yyellowish-prown. 

Good interference figures were yielded only by the untwinned grains in 
which the sign of the birefringence proved to be positive. 'The average 
dimensions of rutile grains are 0.22 mm. by 0138 mm. and the mean index of 
elongation 1.85. 


3. MONAZITE 


This mineral was found to be a common constituent of portion E. It was 
immediately recognisable when grains of this portion were immersed in a liguid 
whose refractive index approximated 1.826. 'The grains are then characterised 
by a low relief, two of their indices being below and above that of the liguid. 
A twinkling effect, analogous to that of calcite, was then apparent. 'The original, 
characteristic crystal habit of the monazite seemed to have had a greater effect 
on the present shape of the grains than the (001) and (100) cleavages. In 
fact, these cleavages were very rarely observed in the monazite grains, and when 
visible the extinction ,/c was found to be four degrees. (Generally the grains 
are tabular, elongated and partially rounded. 'The transparency of the yellowish- 
brown grains is often marred by the presence of scattered brown, dusty 
inclusions or clots, which may be decomposition products. In such instances 
only the edges of the grains show their true character. Gas bubbles are 
Ccommonly encountered in the monazites. 

A Yfaint pleochroism, from yellow to light brown was observed in some 
of the larger grains. Owing to the habit of the crystal grains, interference 
figures were difficult to obtain. A few well rounded grains, however, when rolled 
in canada balsam, yielded a positive biasial interference figure with an axial 
angle of approximately 16% (Mallard's method). 'The average size and index 
of elongation of this mineral is 0-16 mm. by 0.13 mm. and 1.80 respectively. 
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4. LEUCOXENE 


In portions C and B leucoxene is found in large guantities, viz. 90% and 
30% respectively. Opadue in transmitted light, the grains appear white or 
yellowish in reflected light. Various sizes Of grains ranging from angular to 
well rounded are present. 'The grains have finely pitted surfaces, sometimes 
marred by deep irregular ceracks, and brown surface stains. Many particles 
hold unaltered ilmenite cores, or still display a crystal form which suggests 
that the mineral is pseudomorphous after ilmenite. Composite grains were alsd 
observed. Microscopic measurements indicate that the elongation index of 
this mineral is 1.28, the average size of grains being 0-19 mm. by 016 mm. 


5. GARNET 


Most of the garnets were removed from the original heavy concentrate by 
means of an electromagnet. 'The garnets occur rather sparingly in the sand. 
The smaller fragments are colourless, but the colour intensity increases, 
correspondingly to the increase in size, to a pale-pink, and even to a dark 
salmon-pink in some of the very large grains. 'Their angular, fractured form 
is indicative of a local provenance. Some grains are irregular, splintery, while 
the surfaces of others are characterised by the presence of rounded 
protuberances suggestive of an aggerate structure. 'The grains are generally 
eduant and re-entrant angles may be present, so that there can be no doubt 
that they have suffered comparatively little abrasion. Generally speaking, the 
grains are exceptionally clear and transparent owing to the absence of large 
inclusions, and the sparse distribution of smaller ones. 'The commonest type of 
inclusion is a brown, clotlike mineral product of oval or roughly elongated 
habit, displaying a feeble birefringence and a low refractive index. Minute 
colourless prismatic needles with straight extinction and refractive index lower 
than that of garnet was occasionally observed. Another type of inclusion, rarely 
encountered, is a minute brown, isotropic dodecahedral crystal with low 
reiringence. 'The fact that the garnets are all of so uniform a character strongly 
suggests that they were derived from a single geological horizon such as the 
Robertson granite contact for example. 'This conclusion is supported by the 
fact that in no case were any effects of strain noticeable in the garnets. 'The 
refractive index of the garnets was found to vary from 1.76 to 1.80 and the 
density 40 to 410, and hence indicative of a composition corresponding 
approximately to Al,,SPPY 


6. TOURMALINE 


'Tourmaline is one of the main constituents of fraction D and B. Tt is 
remarkable that tourmaline grains are generally of a large size. Furthermore, 
more than 90% of them are very well rounded, and range in shape from 
spherical to ellipsoidal. 'The remaining grains are angular, fiaky and crystal 
faces were never seen. 'The tourmalines also show the characteristic absorption. 
One or two exceptions to this rule were noticed in the case of a few colourless 
grains of nearly pure Dravite. Many grains are slightly elongated parallel to 
the c-axis. 'The prismatic cleavage, parallel] extinction and absence of zoning 
are characteristic of the tourmalines. 

The following varieties of tourmaline were recognised: 

(8) Brown tourmaline, comprising about 57 percent of the tourmaline 
recovered with average elongation index 1.26 and average size 0.28 mm. by 
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093 mm. 'These tourmalines displayed the most pronounced pleochroism, 
and with € — pale brown to dark yellow and o - dark brown to black and 
absorption w”— e and refractive indices o - # 1.66 and e — 4 1.63. A diagnostic 
feature of the brown tourmalines is the presence of striations, parallel to the 
c-axis. Inclusions are generally present and gas bubbles of zonal or haphazard 
distribution are not uncommon. Opadue clots, and specks are present, while 
anisotropic, feebly birefringent mineral, with refractive index less than that 
of tourmaline is rather common. Such inclusions are colourless, and of acicular 
or granular habit. 'The needles were not observed to favour any distinctive 
Orientation within the tourmalines. The interference figures vielded by 
tourmalines were normal with one exception in which an axial angle of 89 
was measured. lt is noteworthy that highly angular grains of brown tourmaline 
were found in the magnetic portion of fraction A. 'The grains appear to be 
fragments whose average size is 0.16 mm. by 010 mm. probably derived from 
larger grains. 

(b) Green tourmaline representing 41 percent of the tourmaline, usually 
occurs in the form of thin sharp edged flakes which display well centred 
interference figures. Generally speaking, large inclusions are absent, but 
minute black specks, distributed evenly throughout the grains are common. 
'The refractive indices lie between the values 1.625 and 1.656. 

(ce) Blue tourmaline with average elongation index of 186 is rare, 
constituting only 2 percent of the tourmalines of fractions D and E. 'The flaky 
habit of the green tourmalines whose average dimensions are (0.20 mm. by 
0.15 mm. is also apparent. 'The grains have finely pitted surfaces, and generally 
yield centred interference figures. The highest double refraction noted, was 
0.093 and the value of the refractive index o — 1.661 4 0.003. 'The mineral is 
pleochroiec with & — violet grey and w -— dark blue. 'The average dimensions 
of blue tourmaline grains were proved to be 9.19 mm. by 0.15 mm. 

(d) Colourless tourmaline. Two grains of colourless tourmaline were found. 
Both showed perfectly uniasial negative interference figures, no inclusions and 
a very weak pleochroism, colourless to pale yellow. In general it may be said 
that the Dravite-Schorlite series appears to be well represented amongst the 
tourmalines and grains of an intermediate composition seem to be commonest. 


1. EPIDOTE 


Grains of epidote of average elongation index 144 and average dimensions 
019 mm. by 0.13 mm. were observed, though subangular #fragments appear 
to predominate as a Tule. 'The surfaces of the grains correspond to their 
degree of rounding in so far that the subangular grains have matt surfaces 
whereas the well rounded grains are smooth and shiny. Reddish-brown surface 
stains, especially along cracks and cleavage traces characterise the latter. 
The epidotes are of the green variety, though some grains are nearly colourless. 
The characteristic pleochroism in shades of green is universal, though varying 
in intensity, a - light green to green, # - yellowish-green to light green, 
y — colourless to bluish-green. 

Generally the grains are very transparent, and wholly devoid of inclusion. 
Three grains, however, proved an exception to this rule in being practically 
opadgue, apparently due to the presence of dark coloured decomposition products 
along a network of minute cracks. ?2Va was found to vary from 83% to 90e 
which is indicative of a rather low iron content. 
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8. OTTRELITE 


Recent research conducted by this department in the Tulbagh-Swellendam 
area has disclosed the fact that ottrelite is a typical and widespread low grade 
regional metamorphic mineral developed along the T.M.S.-Malmesbury contact 
during the pre-Cape orogenetic cycle, so that its presence in Breede River 
heavy residues was not altogether unexpected. (Ottrelite and epidote are 
approximately egually well represented in fraction C of the concentrate and 
are best distinguished under crossed nicols in convergent light. 'The ottrelite 
grains have a flaky appearance, with thin Splintery edges, due to the prominent 
(001) cleavage. 'The grains are dark-green and semi-opadgue owing to the 
presence of a large number of minute black inclusions. 'The cleavage flakes 
show a pleochroism from bluish-green (g) to olive-green (4). A few rather 
thick flakes clearly exhibiting the (001) cleavage traces when turned on edge 
showed a much more marked pleochroism from olive-green (4) to dirty-yellow 
(y) in this position. When viewed in this position the characteristic undulose 
extinction of ottrelite is also evident, as well as the symmetrical twinning on 
(001), the adjoining lamellae having extinction angles of 16% against the (001) 
cleavage traces. 

The invariable presence of inclusions is a characteristic feature of this 
mineral. Aggregates of black or brown clots are commonly seen, while another 
type of brown dusty inclusion occurs as irregularly distributed specks throughout 
the grains. A crystalline inclusion of long prismatic habit, is also in evidence. 
Cleavage flakes give slightly eccentric interference figures, with 2Vy — 50% - 630 
with the acute bisectrix inclined at an angle of 14% - 16: to the cleavage normal. 


The following refractive indices were obtained for ottrelite: 
a — 1.718 4 0.003, a -— 1.198 4 0.008, y — 1.726 # 0.003. 
9. TITANITE 


In fraction C a greyish yellow, transparent cleavage flake of this mineral 
was discovered. 'This particle was rather well rounded on two opposite edges, 
while the other two had a splintery appearance, due to cleavage flakes which 
had been chipped of during abrasion. 'The grain is characterised by a high 
relief, and a core, rendered turbid by decomposition products, or closely packed 
inclusions. 'Turned on edge the grain was seen to possess a high double 
refraction, and obligue extinction of 40% at its maximum. 'The interference 
colour of the cleavage flake is low and conoscopically it yields a nearly centred 
optic axis with 2Vy about 30% and pronounced dispersion p—v. 


10. AEGERINE-AUGITE 


A few greenish grains with high double refraction and strong pleochroism 
were found in portion C. 'These grains, when first seen were of a clear, 
olive-green tint exhibited wavy extinction and low interference colours. In 
shape they were all rather angular and elongated parallel to the c-axis 
(Fig. 1 T). 'Their shape appear to be largely determined by a well developed 
prismatie cleavage, traces of which were visible throughout a complete rotation 
of the grains about these long axes. In certain positions multiple twin lamellae 
were observed to be parallel to the cleavage traces and in such positions the 
interference tints proved to be highest. 'The maximum extinction angle to the 
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cleavage traces is 950%. 'The pleochroism was most pronounced when the grains 
were viewed parallel to the twin plane, With a - dark green and y - pale 
yellow. Dark greenish-brown or black inclusions, of isotropic character were 
seen in every grain. In one grain, however, a colourless birefringent inclusion 
of indeterminable character was observed. The best interference figure was 
obtained on a grain that broke along a twin plane when pressure was applied 
to the coverglass. When examined in convergent light it revealed an optic axis 
near the edge of the field and a positive axial angle just exceeding 60%. 'The 
elongation is negative with a/c — 4 25%, and the refractive indices # and y 
egual to 1.792 and 1.7186 4 0.003 respectively. 


Fig. 1. A. Tourmaline showing inclusions X 110. B. Chrysobersl X 110. 

C. Rutile X 110. D. Rutile grain under crossed nicols, showing polysynthetic 

twinning X 110. FB. Rutile geniculate twin X 110. F. Brookite with striations 

parallel to c X 110. G. Zoisite. Cleavage flake X 110. H. Corundum showing 

basal parting X 110. 1. Aegerine-augite with polysynthetic twinning under 

crossed nicols X 110. J. Monazite showing (010) and (001) cleavages, and linear 
Zones of inclusions X 110. K. Garnet X 110. 


1. BROOKITE 


A single grain of this interesting mineral was discovered in fraction C. 
It is characterised by a pale yellow colour, very high relief, and a set of 
well-defined striations, against which the egxtinction was parallel but incomplete 
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(Fig. 1 F). 'The grain was subangular and held a few sparsely distributed 
opadue, black inclusions. A linear zone of these inclusions was observed to 
run diagonally across the direction of the c-axis. “Under crossed nicols red 
and green interference tints of a high order predominated. 'The anomalous 
interference figure, in white light is characteristic. In the “straight” position 
one of the isogyres was seen to be much wider and more clearly defined than 


the other. On rotation of the stage this effect was noticeable alternately in 
the “straight” positions. 


12. XENOTIME 


Xenotime is about as abundant as epidote in the sand. It occurs mainly 
in the magnetic portion A, as rounded or angular grains of a yellow or light 
brownish colour. 'The original crystal faces were hardly ever preserved. 'Though 
occasionally fairly clear, the grains are usually crowded with dusty brown 
decomposition products of haphazard distribution which may sometimes be 
present in such numbers as to cause the grains to become opadue. 'The prismatic 
cleavage and straight extinction is clearly visible in some correctly orientated 
grains. The interference figures are well defined, uniaxial positive, with high 
interference colours. 'The refractive indices om and e approximate 1.731 and 
1.798 4 0.008 respectively. 


13. CORUNDUM 


In fraction A a greenish brown isotropic basal flake of corundum was found. 
It was characterised by a high relief, absence of pleochroism and the basal 
parting planes could be seen contouring its edges (Fig. 1 H). The grain contains 
no inclusions but yielded an anomalous centred biaxsial negative interference 
figure, with 9V — 95% — 80%. 'The refractive index os — 1.768 4 0.003. 


14. ZOISITE 


A greyish-blue, angular cleavage flake, probably Zoisite, was discovered in 
fraction A (Fig. 1 G). Brown surface stains were in evidence, as well as feeble 
pleochroism from colourless to bluish-grey. Inclusions were absent. A slightly 
eceentric optic axial interference figure was obtained when the grain was turned 
on edge. 'The mineral was found to be biaxial, with 2Vy about 60%. 'The axial 
plane is perpendicular to the cleavage plane. 'The mineral has a low bire- 
fringence, the refractive index # - 1.701 # 0.003. 'The extinction is parallel to 
the cleavage traces. This mineral appears to resemble the #-zoisite of Termier. 


15. FORSTERITE 


This mineral is not uncommon in the tourmaline portions. It occurs as 
dirty, white, very angular grains. The dirty appearance is due to partial 
decomposition of the mineral. Normally the grains are characterised by a 
high relief, and a medium to high double refraction. The mineral is seen 
to be length-slow, in those grains exhibiting the poorly developed (010) cleavage. 
The optic axial plane is perpendicular to these cleavage traces. Three of these 
grains were seen to be biasial, with 2Vy - 850. 'The refractive indices 
y and u are 1.660 and 1.662 # 0.003 respectively. 
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16. ILMENITE 


The bulk of the opadue minerals consist of angular, deeply pitted grains of 
ilmenite. Under the microscope, in reflected light, the roughened surfaces, and 
absence of cerystal faces are evident. Some grains of fraction A were mounted 
in bakelite, polished and examined under the ore microscope. 'The ilmenite 
grains were in general characterised by their anisotropism, homogeneous 
character and almost invariable absence of structures and intergrowths. In 
a few instances a weakly developed lamellar twinning was observed, as well as 
an occasional intergrowth of hematite and ilmenite. lIncipient alteration to 
leucoxene is seen in the majority of ilmenite grains. 


Ti. HEMATITE 


Well-rounded, elongated hematite grains were occasionally observed. Under 
the ore microscope they show distinct anisotropism, and a peculiar wavy 
extinction. 


18. CHRYSOBERYL 


One cleavage flake of a yellowish-brown transparent mineral was found in 
portion C, among some grains that had been boiled in concentrated HCI. 
Well-developed cleavage traces could be seen along the thin edges, when the 
Adake was turned on its side. (Fig. 1 B) 'The top and bottom surfaces of 
the flake are, however, traversed by many deep and irregular cracks. 'The 
mineral has a low birefringence (0.006) and shows a feeble pleochroism from 
yellowish-brown to reddish-brown. Except for a tiny black speck near one 
of the edges, the grain is free from inclusions. When the grain was rolled in 
canada balsam, a centred positive and practically uniaxsial interference figure 
With an axial angle of 5% — 10% was obtained. 'The refractive index o proved 
to be 1 755 0003. 


UNIDENTIFIED MINERALS 


(a) In portion C, two grains, possibly of the same mineral were observed. 
Both are tabular, elongated in habit, their shapes being infiuenced directly by 
two prominent cleavages, both parallel to the length of the grains. Hardly 
any effect of abrasion could be detected. 'The grains both possess a moderate 
birefringence and their refractive indices lie in the vicinity of 1.730 — 1.738. 
In both cases the trace of the axial plane is normal to the direction of the 
cleavage traces. 2V approaches 90% in each grain. 'The grains both yielded 
centred optic azis when viewed on the thin edge, perpendicular to the length. 
The two grains differ in the following respects. In the one case, the optic sign 
was negative, as well as the elongation. 'The extinction angle is 90% 'This 
grain is very clear, except for a few gas-bubble inclusions, and a light yellowish 
tinge. In the other grain, devoid of ijinclusions, both the optical sign and 
elongation are positive, while the maximum extinction angle is 300%. 

(b) A colourless, angular, tabular grain with very low double refraction, 
and wavy extinction, possibly due to strain, was found in #fraction (C. Tts 
tabular shape is determined by a very prominent cleavage. This grain 
persistently refused to give an interference figure. Tnclusions are absent and 
the refractive index is edual to 1.792 4 (0.003. 
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(o) A few disc-like flakes of a brown isotropic mineral were discovered 
in fraction C. 'Their perfectly round or oval shapes attest to a lengthy period 
of abrasion. Crowded black inclusions are so abundant that their transparent 
character is visible only around the edges, or at most in a few isolated spots 
within the grains. 'The refractive indices lie in the vicinity of 1.690. It is 
possible that this mineral may be decomposed allanite. 


IV. AN INTERPRETATION OF THE POSSIBLE PROVENANCE 
OF THE MINERALS IN THE BREEDE RIVER SAND 


The drainage area of the Breede River is immense. It can thus be expected 
that the sand under consideration should contain a wide and diverse suite 
of detrital minerals. 'This proved to be the case. In the interpretation of the 
possible source of the minerals, only approzimate, and very cautious statements 
can be advanced. 'The sand may contain minerals from every rock-type 
embraced in the Cape System, Malmesbury series, Post Nama Granites, pre-Cape 
Dolerites, Enon beds and the Dwyka and Ecca beds of the Karroo System. 

A glance at a stratigraphical-topographic map of this area immediately 
reveals the fact that the T.M.S. has the greatest areal distribution of any rock- 
type in the area under consideration. Furthermore, this rock constitutes most 
of the mountainous area and escarpments. 'The headwaters of the Breede River 
and its tributaries would, therefore, generally be located in T.M.S., and the 
most active erosion would take place in such localities. 'The contribution of 
the Witteberg, Bokkeveld, Ecca and Enon series to the sand would also be 
considerable, in mass, though not necessarily in character. At the preseni it 
would be impossible to differentiate between the minerals contributed by the 
above-named horizons. It seems reasonable to conclude that the rocks of the 
Cape and Karroo Systems enumerated above contributed most to the mass 
of detrital minerals such as duartz, zircon, ilmenite, rutile and tourmaline of 
the heavy residues under consideration. 'The large percentage of rounded 
zircons, the great majority of smooth, oval tourmalines, and the absence of 
crystal faces among the rutiles and ilmenites, is strongly suggestive of a 
rounding produced by delayed transportation as well as the effect of a passage 
through more than one erosional cycle at different geological periods. 'The 
Malmesbury series would also in all probability exert a positive infiuence on the 
composition of the sand, due to the fact that it is invaded by acid and basic 
intrusives, and includes a great variety of metamorphic rocks, of different grades. 
This stratigraphical unit is aligned approximately parallel to the main course 
of the Breede River practically up to its sourse. Most of the fault-line-scarp 
tributaries, having their origin in the Naudés and Hex River Mountains, join 
the river from the north after crossing the Malmesbury rocks. 

About 20 miles to the north-east of Worcester, the Breede River itself 
traverses Malmesbury outcrops. 'The fact that recent geological survey of the 
Malmesbury-T .M.S. contact in this area has disclosed the wide lateral distribution 
of ottrelite, has already been referred to and its presence in the Breede River 
sand is, therefore, indicative of the above-mentioned provenance. 

The occurrence of monazite and xenotime in the sand is of considerable 
interest. 'The latter detrital mineral has already been recorded elsewhere in 
the Western Province by L. P. Rabie and W. F. Conradie, and Walker and 
van der Lingen. It is believed that the Robertson granite mass would exert 
a positive infiuence on the composition of the sand, owing to its proximity 
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and it may, therefore, be assumed that the occurrence of xenotime and grains 
of monazite with poorly preserved crystal faces would be derived from this 
source. 'The only other granite outcrop in this area is not only far too small 
but also too distant to be of any significance. Militating against this view 
is the fact that many of the xenotime grains present a semi-decomposed state 
and rounded grains of this mineral as well as of monazite were also observed 
in the concentrate. 

The occurrence of a small percentage of perfectly preserved zircon crystals 
in the sand might indicate a derivation from a different source than the bulk 
of the zircons. The nearby Robertson granite mass is also a possible provenance. 
It is, of course, possible that the euhedral zircons may have been derived 
from granite boulders in the Dwyka series, but the small areal distribution 
of the tillite, together with the fact that these boulders occur only sporadically 
in the Dwyka, tend to make this view less acceptable. 

As has previously been suggested the close correspondence of the garnet 
grains in shape, size and colour, and the absence of strain effects would tend 
to indicate a local provenance for the garnets. 'The poly-metamorphic aureole 
encircling the Robertson granite boss could be registered as a possible provenance 
of this mineral, but further, and much more conclusive evidence is necessary 
before such a conclusion can be positively accepted. 

The nearly complete suite of titanium minerals in the sand presents an 
interesting aspect. According to W. F. Clarke (Data of Chemistry, D. 355), 
“The titanium minerals are .. . . closely connected with one another, and 
transformation is possible in almost any direction.” 'The large percentage of 
leucoxéne, in contrast to that of ilmenite, points to a large-scale leucoxenic 
alteration having taken place. An authigenic origin of the leucoxene is, 
therefore, indicated. A comparison of the relative amounts of ilmenite and 
leucoxene from different localities is listed in Table III. 


TaBrE TIT. 
Kuils River Faure Breede River | Olifants Riv. Mth.] Strandfontein 
TImenite es 29: 10% 27-59, 4 60%, 9- 00%, 10 - 00% 
Leucoxene ... small 15-49, 35- 10% 1-01% 1- 80% 
Ratio: 
TIm./Leuc. large 1-8 0-13 9-00 5-55 


EE PP N N RR 

In connection with the above-mentioned alteration, H. B. Milner states 
in Sedimentary Petrography, p. 509: “Leucoxenic alteration is at its maximum 
in coarse sediments; authigenic titanite may be initiated with the formation 
of titanium-bearing chloritie minerals ... . since chlorite is often observed in 
concentrates in which titanite is conspicuous. The presence of lime is, of course, 
essential.” The not uncommon occurrence of limestone and dolomites in the 
Malmesbury series, especially in the vicinity of Robertson, may have assisted 
in promoting the leucoxenic alteration of ilmenite. In this connection it is 
noteworthy that the relatively high percentage of leucoxene in the Faure sand 
is also accompanied by a high concentrate of calcium carbonate whereas the 
presence of this mineral has not been recorded in the neighbouring Kuils River 
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alluvial sands. Owing to the fact that the rutiles always occur as well-rounded, 
elongated grains, they may possibly have survived more than one erosional 
cycle at different geological epochs. Nothing positive can, however, be stated 
in connection with the occurrence or possible origin of titanite or brookite 
owing to their scarcity in the sand. 'The absence of anatase might have an 
important bearing on this case, but the fact that it was not found during the 
course of investigation, is by no means proof of its absence. 'The possible 
oceEurrence of chrysoberyl in this sand is of interest. The only known occurrence 
in the Union is recorded from the older granites of Namagualand, hence the 
only likely provenance of chrysoberyl in this area is the Dwyka tillite, in which 
boulders of chrysoberyl-bearing aplite may occur. 

The occurrence of epidote, pyroxenes, zoisite, forsterite, aegerine-augite 
and corundum point to basic and metamorphic provenances, about which 
nothing positive can be stated at present. 


TEE PETROGRAPHIG iNVESTIGATHI@N 
OF THOE SHORE SAND EROM 
STRANDFONTEIN 


By 
Hie SIRIDEMIP sc 


@ 
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1. INTRODUCTION 


The sand which was investigated microscopically was collected on the shore 
near Strandfontein, about ten miles south of the Olifants River mouth. 'The 
heavy minerals of the beach sand had previously been concentrated by the 
agency of wind, as patches of dark coloured sand on the rocky clifs, from 
where this sample has been taken. 


II. MECHANICAL AND PHYSICAL METHODS EMPLOYED 
IN SEPARATION 


By means of panning the concentrate was fractionated into two portions: 
a light grey and a reddish black heavy fraction. A representative sample of 
the heavy concentrate was mechanically separated by means of heavy liguids 
and an adjustable electro-magnet. 'The lightest fraction of density less than 
2.9, constitutes about 1.5 percent of the concentrate and, on microscopical 
investigation, revealed only subangular guartz and feldspar grains. 

The rest of the sample fractionated by means of methylene iodide and 
Clerci's solution at different concentrations, vielded three fractions: 
A. Tourmaline portion, B. Garnet portion, C. Zircon portion. 'The magnetic 
minerals from the zircon portion were separated by means of the electro-magnet 
and yielded D the so-called magnetic portion. A Westphal balance with a set 
of specially constructed sinkers was used in determining the density of Clerci's 
solutions of different concentrations. 


TaBrE 1. 

Density Fraction Weight % 
ED) sale) A 0-5 
88 sd B 26-7 
Ad C 2E) 
Magnetic portion D 51:2 


After each of the four fractions had been weighed, the weight percentage 
of the minerals appearing in the four fractions, was determined and tabulated 
under Analysis I in Table 2 Analysis II represents the results obtained from 
a microscopic grain count conducted on the original heavy concentrate. 
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TABLE 2. 

EE EE EE EE Or DE EE ED EE EE OE EE EE EE 
Analy- | Portion | Tron Garnet | Zircon |Leucox-| Rutile | 'Tour- | Rest | Toraz 
sis Ore ene maline 7 

A 0-0 0-0 0-0 0:0 0:0 0-1 0-4 0:5 

Ë B d.7 18-9 0-7 0-8 0-9 0-0 0-7 0-7 
C 1:5 0-1 18-7 0:8 0-4 0-0 0-4 | 21:9 

D 47-1 3:9 0:9 0:38 0-0 0-0 0-4 | 61-2 

TOTAL 53-3 99-2 19-6 1:9 1:3 0-1 1:9 | 100-3 

TT. 63:6 99-4 19-4 les 1-9 0-2 1:5 | 100-0 


Under the heading “Rest” in Table 2, the following minerals are included: 
pyroxene, staurolite, epidote, olivine triphylite, phenacite and cyanite; while 
hematite, ilmenite and magnetite are included under the heading “Iron Ore.” 


TABLE 3. 
Average size of Dimensions in mm. Average size of Dimensions in mm. 
200 Iron ores Has “81% 90 staurolites  ... “98 -Dd 
150 garnets soe “88 X -83 20 epidotes Be “96 X -92 
150 zircons soe “98 -16 10 kyanites dae “96 -18 
` BO leucoxenes aas “80 K -92 6 triphylites  ... “24 X 20 
20 rutiles 335 opse ok 5 phenacites  ... “23 X 20 
25 tourmalines  ... 94-20 4 monazites N. “21 19 
20 pyroxenes se) “26 -19 1 spinel op “20 x -19 


Table 3 illustrates the various grain sizes as determined for the different 
minerals and it will be seen that the mean length and mean breadth vary 
between 0.2 — 0.38 mm. and (0.16 — 0.33 respectively. 


IN. DESCRIPTION OF THE COMPONENT MINERALS 
A. TOURMALINE PORTION 


In this portion the following minerals were found: tourmaline, pyroxene, 
hypersthene, diopside, enstatite and phenacite. 
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1. 'Tourmalines 


The tourmalines constitute about 20 percent of this fraction. 'The crystals 
are well-rounded by the abrasive action of wind and water, giving rise to 
ellipsoidal and spherical forms. Only a few prismatic crystals were observed 
to possess striations parallel to the vertical crystallographic axis. Several 
coloured varieties were recognised, the following being well represented: 

(a) Blue tourmalines with a marked pleochroism from pale blue to dark 
blue colour. (b) Brown tourmalines, pleochroic from pale yellowish brown to 
dark and almost opadue brown. 

The pleochroism as stated above, is well marked in both types while 
the birefringence is moderate. Apart from the above-mentioned varieties, a 
few tourmaline grains, pleochroic in tints of green were also detected. 
Unorientated and acicular inclusions are common (Fig. 1 $), but some crystals 
are perfectly clear. 'The refractive index of the inclusions is higher than 
that of the enclosing tourmaline grains. In addition to the tourmalines holding 
needle-like inclusions several grains have been found which enclose pellets 
and rounded aggregates of foreign mineral matter showing first order colours 
under crossed nicols but with lower indices of refraction than that of the 
host tourmaline (Fig. 1 b). A few grains have furthermore been encountered 
which enclose irregularly distributed foreign material of a brownish shade, 
the nature of which could not be identified microscopically (Fig. 1 e). 'The 
tourmalines are remarkably free from decomposition products, and considering 
their high degree of rounding, it may me concluded that the grains were. 
exposed for a considerable period to the abrasive action of wind and water. 


2. Pyroxenes i 


The pyroxenes found in the tourmaline fraction are of common occurrence, 
the different members being: diopside, enstatite and hypersthene, of which 
the first named is the commonest, and the last named, the rarest representatives 
of this family: 

(a) Diopside. 'This monoclinic pyroxene occurs in the form of unevenly 
fractured grains with indistinct prismatic cleavages, against the traces of which 
the extinction was found to be more or less 40%. 'The crystals are biaxial 
negative with 2V approximately 60%. 'The intermediate refractive index # was 
determined and found to be 1.675 -4 0.003. 'The colour which is greyish green 
to colourless, is often masked by brownish stains, owing to decomposition 
products and no definite pleochroism is to be observed. 'lTnclusions are rather 
UnEcomMMON. 

(b) Enstatite. The ortho-pyroxene enstatite has been observed occasionally, 
put this mineral is less abundant than diopside. It occurs in irregular and 
prismatic grains of a somewhat dirty greenish-white colour. 'The mineral 
is characterised by straight extinction and is non-pleochroic. Inclusions and 
alteration products could not be identified. 

(c) Hypersthene. 'The hypersthene grains display a greenish colour and 
a weak pleochroism. The grains which are well rounded and exhibit no crystal 
faces, may be elongated parallel to the vertical crystallographic azis against 
which the extinction is parallel. Crystals are biaxial negative with positive 
elongation, and the refractive index was determined and found to be in the 
vicinity of 1.690 # 0.003; the axial angle is rather large. In some cases platy 


Fig. 1. (a) Staurolite X 110. (b) Tourmaline X 110. '(c) Oyanite X 110. 

(d) Garnet X 110. (e) Tourmaline X 110. (f) Tourmaline X 110. (es) Zircon 

X 110. (h) Zircon X 110. (ii) Rutile X 110. (j) Hematite with spindle-shaped 

exsolution lamellae of ilmenite under crossed nicols X 110. (k) Monazite X 110. 
()) Olivine X 110. (m) Phenacite X 110. 
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opadue inclusions were observed to be orientated parallel to the long axis of 
the grains but irregular brownish inclusions proved to be most common. 


3. Phenacite 


Phenacite is not a common constituent of the tourmaline fraction in which 
only five subangular grains were found (Fig. 1 m). 'These grains exhibit a 
pale yellowish colour with a very feeble pleochroism. 'The crystals are uniaxial 
positive with a refractive index o — 1653 4 (0.003. The Dbirefringence is 
moderate. 


B. GARNET PORTION 


In this fraction of the heavy concentrate, the following minerals have 
been identified: garnets which constitute the bulk of this portion, epidote, 
staurolite and cyanite are fairly common, while olivine, triphylite and spinel 
are rare constituents. 


1. Garnets 


The garnets which constitute about 20 percent of the heavy residue, consist 
mostly of spessartite and almandite, the types grossularite and andradite being 
far less important. Almandite and spessartite occur in approzimately egual 
proportions in the sand and are very similar save for differences in colour, 
density and refractive index. 

(a) Almandite. 'The grains are angular to subangular fragments, or of 
dodecahedral and perhaps trapezohedral habit. Surface characteristics, such 
as pitting, rectangular patterning and deep colour staining, are duite common 
features of the almandite grains. This garnet has a reddish-pink colour with 
a refractive index of 1.804 - (0.003. 'The specific gravity was determined and 
found as 411 hence its composition approximates Al,,PY,,SP,,. 'Inclusions, 
varying considerably in character, are common. Several grains were observed 
to possess inclusions arranged in definite pattern (Fig. 1 d). G@uite a number 
of grains were seen to include anisotropic material displaying first or second 
order interference tints under crossed nicols. 'These inclusions could not be 
identified microscopically. 

(p) Spessartiite. This garnet varies from colourless to pink, and has a 
refractive index of 1.799 4 (0.003 and density 4.18. 'These physical properties 
as well as its weaker magnetism serve to distinguish it from almandite. The 
spessartite grains are subangular fragments and a large proportion of the 
colourless grains are characterised by pitted surfaces and reddish brown stains. 
Irregular anisotropic inclusions of random distribution are rather common. 

(c) Grossularite and Andradite. On further investigation of the garnets 
a vellowish coloured type as well as a colourless “anisotropic” garnet were found. 
In the zircon #fraction a few vyellowish isotropic as well as anisotropic grains 
were found with refractive index 1.795 4 0.003. 'This garnet is probably andradite. 
The grains display a tendency to exhibit a distinct 'dodecahedral habit, the 
faces of this crystal form being somewhat rounded. Tnclusions, perhaps of 
carbonaceous matter, are distinct. 

The colourless and amber coloured “anisotropic” grains which were found 
in the garnet fraction revealed dark hbrushes under crossed nicols in 
nonconvergent light. 'The refractive index of the garnet was determined and 
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found at 1.740 4 0.003, hence it may be grossularite which is really optically 
isotropic above 800oC. 


2. Epidote 


Epidote is not a common constituent of the garnet fraction. It occurs as 
angular to subangular grains of a brownish yellow colour. 'The mineral is 
slightly pleochroic from pale yellow to brownish yellow. Optically these 
epidotes show negative biaxial interference figures, large axial angles and distinct 
dispersion. The refractive index # ranges from 1.735 to 1.750 4 0.003. TInclusions 
are not uncommon. Grains have been observed enclosing crystalline material 
which possess a lower index of refraction than the host mineral. Other inclusions 
of a brownish colour and indistinguishable nature have also been observed. 


3. Staurolite 


Staurolite is a common mineral in the garnet fraction, occurring as irregular 
and slightly rounded brown cleavage flakes (Fig. 1 a). 'The pleochroism varies 
in intensity from pale yellow to deep brown. Cleavage flakes parallel to (010), 
give a perfectly centred positive biaxial interference figure with the axial angle 
estimated to be approximately 850. 'The staurolite crystals are practically free 
from inclusions and they closely resemble the brown epidotes, from which 
they may be distinguished by the sign of the interference. 


Ad. Cyanite 


A few grains of cyanite were found in the garnet and zircon fractions. 
The crystals are greyish green subangular grains flattened parallel to the 
(100) cleavage and elongated in the direction of the vertical crystallographic 
axis, the terminations being irregular. A direction of parting normal to the 
length of the grains could clearly be observed. 'The extinction against the 
(010) cleavage traces is oblidue and the grains yield perfectly centred interference 
figures (Fig. 1 c). The grains are not pleochroic and inclusions of carbonaceous 
matter, irregularly distributed, are common. 


5. Olivine 


A few grains of subangular and partially decomposed olivine of 
pale yellowish-green colour were found in the garnet fraction (Fig. 1 D. 
Conoscopically the fragments yield a positive biaxial interference figure with 
a large axial angle. The refractive index # is 1.690 4 0.003. It is well known 
that olivine, owing to its instability is a rare detrital mineral not previously 
recorded in South African sands. 


6. 'Triphylite 


Only six grains of pale clove-brown triphylite were found in this fraction. 
The grains appear to be subangular basal cleavage flakes which when rotated 
in viscous Canada Balsam yielded a positive biaxial interference figure with 
an axial angle of less than 10%. 'The intermediate refractive index # is egual 
to 1.690 4 0.003. 'The mineral is barely pleochroic and brownish stains due to 
decomposition are apparent, lTnclusions could not be positively detected. 
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7. Spinel 


A bottle-green isotropic grain was found in the garnet fraction, having a 
refractive index of 1.765 4 (0.003. The grain is well rounded and a few doubtful 
inclusions were seen. Whether this mineral belongs to the Sspinel group or 
not, cannot be stated with certainty. In the past detrital grains of garnet 
and spinel have often been confused. 'The absence of the characteristic fracture 
of the garnets, the isotropic character, refractive index as well as the colour 
seem to indicate that the mineral is probably pleonaste. 


C. ZIRCON PORTION 


In this fraction the following minerals were identified: zircon, rutile, 
leucoxene and monazite. 


1. Zircons 


About 85 percent of the non-magnetic portion of the heavy residue of 
greatest density consists of zircon and about 20 percent by weight of the entire 
concentrate. Two varieties of this mineral were recognised, namely colourless 
and dirty brown. 

(a) Colourless 2aircons constitute the bulk of the zircon fraction. 'The 
Crystals are colourless to very pale yellowish with reddish-brown ferruginous 
stains and pitted surfaces. 'The grains are fairly well rounded and sharply 
defined edges are uncommon or absent. 'The average elongation index of about 
150 grains is 1.75 and the average size 0.157 mm. by 0.275 mm. 'The original 
Crystalform when still recognisable appears to be elongated prisms terminated 
by bipyramids of the same order (Fig. 1 sg). A few grains yielded centred 
positive uniaxial figures owing to flattening parallel to the basal pinacoid. 
Biaxial interference figures with axial angles of 2 — 5% were rarely observed. 
Angular grain fragments are common. TUnorientated crystalline jnclusions 
showing high interference tints and distinct pleochroism are characteristic of 
the colourless zircons. Dust-like inclusions may occasionally be so abundant 
that the zircons become cloudy. 

(b) Dirty brown 2#ircons display a higher degree of rounding and smoother 
surfaces than the colourless zircons, but the prismatic form is occasionally still 
recognisable. Grains flattened parallel to (001) were also observed and these 
yield perfectly normal uniaxial interference figures. Zonal structures are 
characteristic and duite common, while inclusions lacking the striking optical 
properties but otherwise similar to those observed in the colourless zircons 
are also present in this variety of the mineral (Fig. 1 h). 


2. Rutile 


Rutile is present in the zircon fraction as well as in the garnet fraction 
and comprises about 2 percent of the whole concentrate. 'The grains were 
treated with dilute HC1 to remove adhering films of iron oxides. The degree of 
rounding of the grains is less marked than in the case of the associated zircons. 
The average index of elongation of 20 grains proved 1.5 and the average grain 
size 0.275 mm. by 0.181 mm. 'Twinning is, as a rule, revealed after treatment 
with diluted HCl. Polysynthetic twinning parallel to (101) is most common, 
the striae trending obliguely to the prism edge as shown in Figure 1 (j). 
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Interference figures were difficult to obtain and an abnormal biaxial figure 
was displayed by one grain. Inclusions in rutile appear to be rather uncommon. 


3. Leucoxene 


Leucoxene occurs in the garnet and magnetic fractions and appears to 
have originated at the expense of ilmenite. 'The grains are well rounded and 
semi-opadue exhibiting a brownish colour in reflected light. 


d. Monazite 


Several pale yellow and vyellowish green well rounded grains were found 
in the zircon fraction (Fig. 1 k). 'The grains are ellipsoidal and #flattened 
parallel to (001) or (100). A few grains displayed feeble pleochroism in tints 
of yellow. 'The axial angle is less than 10% and the birefringence positive: 


a — 1.788 4 0.008 and # - 1.818 4 (0.003. Inclusions and zoning are not 
ComMON. 


D. MAGNETIC PORTION 


This portion consists of ilmenite, hematite and abundant magnetite. 'The 
constituent minerals range from moderately to stronsly magnetic and could 
be extracted with ease from the heavy residue. A polished bakelite mount 
studied in reflected light revealed the following minerals. 


1. Hematite and Ilmenite 


Hematite and ilmenite occur in smooth and well rounded grains, devoid of 
Crystal facets. Grains of pure ilmenite and hematite were observed but generally 
speaking these two minerals are intimately associated. When hematite is the 
host mineral exsolution spindle shaped laths of ilmenite may be present in 
two generations. The larger and apparently earlier generation of ilmenite appears 
to be twinned (Fig. 1 j). When ilmenite is the dominant component segregation 
of hematite appears. When more than one set of hematite laths is visible they 
are seen to be inclined at angles of 60% or occur in segregates with trigonal 
Symmetry. 

Al the observed exsolution phenomena can be explained by means of the 
suggested FeT1O, -Fe,O, thermo-edguilibrium diagram of J. W. Greig (Econ. 
Geol. 1932, p. 34). Pure ilmenite is Ccommonly polysynthetically twinned on 


(1011), while several grains appear to be marginally altered to leucoxene. 


2. Magnetite 


Magnetite grains of metallie to submetallie lustre are generally speaking 
not so well rounded as the other iron ores, and the faces of the dodecahedron 
were occasionally visible. 'The grains are highly magnetic and may also be 


distinguished from the associated opague minerals by their isotropism under 
crossed nicols in reflected light. 


A MICROSCOPIC PEITROGRAPHIC 
ANALYSIS OF A SAND FROM 
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1. INTRODUCTION 


On the northern bank, at the mouth of the Olifants River, the heavy 
minerals from river and beach sands have been concentrated by wave action 
to form reddish streaks and lenticular bands on the shore. 'This natural 
concentrate was sampled for investigation. It is clear that the results cannot 
be regarded as being representative from the dguantitative standpoint but, 
nevertheless, serve to give some idea of the nature and mineralogical composition 
of these peculiar pink sands known to occur along the Namadgualand Coast. 


II. MECHANICAL AND PHYSICAL METHODS EMPLOYED 
IN THE SEPARATION OF THE SAND 


The sample of sand already partially concentrated by wave action was 
subjected to further concentration by panning. 'This, however, did not separate 
all the light minerals from the heavy concentrate. A complete separation was 
made by treating the sand with bromoform. 

About 40 grams of this concentrate was weighed accurately, and all the 
strongly magnetic minerals removed by an electro-magnet. 'The rest of the 
concentrate was treated consecutively with methylene 'iodide, and two 
concentrations of Clercis solution with S.G. 4.03 and 4.38 respectively. 

Each of these portions was dried, weighed and the percentage by weight 
of each fraction calculated. 


Density. Portion. | Weight Percentage. 
SY) ERG A 25 
3.3 403 B 14.0 
— 4.03 — 4.38 C 62.8 
— 438 D 4.3 
Magnetic fraction E 16.4 


The separation of the different minerals according to their Specific Gravities 
and magnetic properties did not, however, separate the minerals into sharply 
defined groups owing to the surface tension of the heavy lduids, and the 
magnetic properties of the minerals other than the ores. 

A microscopic investigation of the different minerals occurring in the different 
portions of the heavy concentrate was then made. 'The lighter portion, that 
is with S.G. lower than 2.9, consisted chiefly of duartz with calcite or aragonite 
or both, derived from shells. 'This was estimated by a rapid microscopic 
examination. A count of the minerals in the different portions was made under 
the microscope. The weight percentages of the different minerals in the different 
portions were recalculated as weight percentages of the original heavy 
concentrate. 
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The relative proportions of the principal heavy minerals in each of the 
fractions are listed in Table 1. 


TABLE IT. 


Por- |Spessar- | Alman-| Andra-| Iron |Pyrox-| Zir- | Ru- | Leu- | Tour- | Rest |'ToTAL 
tion tite dite dite Ore ene con tile |Jcoxene| maline 
A di 0:0 0-0 d-0 |B2-7 0-6 | 0-6 1-4 7:6 1:4 J100-0 
B 25-1 3-4 0-4 2-7 60-4 1-8 0-0 ' 8-9 0-8 9:5 J100-0 
C 7e los 3-d 8:3 1:6 @s0v ed 8 Os | 0-0 0-2 J100-0 
D 5-5 0-3 0-0 18-7 042) om o Ad G 8E | 0-0 0-0  J100-0 
E 1:3 0-6 1:8 91-2 | 44 | 04 0-0 | 0-8 0-0 | 0-0  |100-0 
(b) 
Portion | $pessar-| Alman-| Andra-| Iron |Pyrox-| Zir- | Ru- | Leu-| Tour- | Rest | TorAL 
tite dite dite Ore | ene | eon tile coxenel maline 
A 0-04 0-00 0-00 | 0-10 | 2-06-| 0-02 | 0-01 | 0-04 | 0-19 | 0-04 | 2:50 
B 8-51 0-48 0-06 | 0-38 8-48 | 0-18 | 0-00 | 0-45 @etll 0-35 | 14-00 
C 49-10 7-99 2-18 | 2-07 | 1-00 | 0-00 | 0-94 | 0-25 0-00 | 0-13 | 62-80 
D 0-24 0-01 0-00 | 0-80 | 0-01 | 2-90 | 0-20 | 0-14 | 0-00 0-00 | 4-30 
| | | 
E 0-21 0-10 0-21 14-96 | 0-72 | 0-07 | 0-00 | 0-18 | 0-00 0-00 | 16-40 
TOTALS 53-10 7-81 2-40 18-31 12-27 | asli7 | 16 101 | 0-30 0-52 100-009 
Original 
Concen- 61:7 1:9 22. eri io de 1:3 1-1 | 0-40 | 0-5  J100-00 
trate 


(a) Mineral composition of each of the fractions A—B based on optical examination. 


(b) Weight percentages of different mineral constituents of original heavy residue. 
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III. PETROGRAPHY OF 'THE SAND 
1. GARNET 


More than 60 percent of the heavy residue consists of garnet. @uantitatively 
spessartite is by far the most important variety being four times as abundant 
as almandite. Andradite is the least important variety constituting only two 
percent of all the garnet present in the sand. 

(a) Spessartite garnet is found in portion C of the analysis. 'The mineral 
is very abundant. 'The grains exhibit no crystal faces vet well rounded grains 
are seldom present (Fig. I a). Rounding and abrasion have, however, affected 
some in a moderate and others to a small degree, and the surfaces of the 
grains are finely pitted. A gradual gradation from one type into the other 
appears to be present. No trace of cleavage or parting was observed and the 
fracture surfaces are conchoidal. 

The grains have a moderate size. 'The average size of 200 grains is 
0.346 mm. by 0.238 mm., the average elongation index of 200 grains of garnet 
is 151 and the larger grains have been rounded to a greater extent than the 
smaller grains. 

Spessartite has a pale pink to salmon tint which may vary to a pale purplish 
pink when observed under the microscope. Small grains are nearly colourless. 
The specific gravity of the spessartite is is 416 and the refractive index is 
1.783 4 0.003. The mineral is isotropic and no strain effects were apparent 
under crossed nicols. 

The following types of inclusions were observed: 


(i) Yellow to orange-brown, birefringent, needle-shaped inclusions 
characterised by straight extinction, and a refractive index lower than 
that of the garnet. 

(it) Approzima#-ly ellipsoidal inclusions of an apparently colourless mineral 
with low birefringence which extinguishes at an angle to its long axis. 
Its refractive index is less than that of the host mineral. 


(ii) Flaky inclusions pleochroic from light-orange to red-brown and yielding 
a nearly centred negative and probably uniazial interference figure. 
The mineral which may be biotite has lower refractive 'ndices than 


garnet. 


(b) Aimandite garnet found in portion C is far less abundant than the 
spessartite variety (Table II b). The grains exhibit no crystal faces. Perfectly 
rounded grains were observed, although they are scarce. In general it may 
pe said that almandite has been rounded to about the same degree as the 
spessartite, and the surfaces of the grains are rough and finely Dpitted by 
abrasion. 

'The average size of the garnet, based on the measurement of 150 grains, 
is 0.361 mm. in length and 0.257 mm. in breadth. 'The average elongation 
index is 143. 'The refractive index of the mineral is 1.807 # 0.003. The mineral 
is isotropic and exhibits no strain effects. 'Two principal types of inclusions 


are present: 
(a) Colourless round inclusions with refractive index lower than that of 


the garnet, yielding reddish interference tints of the first order under 
erossed nicols. 'They are too small to be identified. 
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(b) Somewhat elongated crystals of a colourless mineral of low birefringence 
and in the position of extinction its long azis is inclined to the 
vibration direction of the nicols. Its refractive index is lower than that 
of the garnet. Further identification is impossible. 


(c) Andradite is found in portion C and it is four times less abundant 
than almandite. Under the binocular microscope only a few grains with crystal 
faces were recognised. 'This mineral has been rounded to about the same 
extent as the almandite and spessartite. 'The surfaces are abrased and finely 
pitted. 

'The average elongation index of the andradite is 1.43. The grain size 
shows a great variation. The largest grains have a size of 0.98 mm. in length 
and 078 mm. in breadth. 'The smallest grains measure 0.24 mm. in length 
and 0.16 mm. in breadth. Al gradations in size appear to exist between these two 
values. 'The average size of 50 measured grains is 0.418 mm. by 0.284 mm. 'The 
mineral has a pale orange-yellow colour and subconchoidai to conchoidal 
fracture. 'The vast majority of the grains examined under crossed nicols were 
weakly birefringent and exhibited undulose exztinction. A well centred inter- 
ference figure proved the garnet to be biasial and negative, the azial angle being 
about 45%. 'The refractive index is 1.789 4 (0.003. Minute inclusions of an opadue 
ore and anisotropic substance of low birefringence are present in the andradite. 

(d) Grossularite is a rare constituent of the heavy residue. 'The size of 
the grain examined is 0.26 mm. by 0.18 mm. 'The grossularite is colourless and 
isotropic with a refractive index of 1.789 4 (0.003 and density of approzimately 
40. A brownish yellow inclusion which is anisotropic and non-pleochroic, was 
observed within the grain of grossularite. 


2. PYROXENES 


(a) Diopside together with the hypersthene are the most abundant of all 
the mineral constituents found in fractions A and B. Rounding and abrasion 
have taken place to a considerable extent, but as a result of the perfectly 
developed prismatic cleavage, angular fragments probably derived from larger 
grains are particularly common, and cleavage traces are visible on the surfaces 
of the faintly pitted, rounded grains, while a basal parting may occasionally 
also be present. 'The grains have a moderate size, 0.284 mm. by 0.198 mm. and 
an elongation index of 1.48. 

The diopside is more or less colourless when clear. 'There is, however, a 
gradual gradation to a faintly coloured variety. 'This variety shows weak 
pleochroism: a -— yellowish-green, # - greenish and y — greenish. Well-centred 
interference figures are difficult to obtain owing to the tabular habit of the 
grains. 2Vy — 4 609% a - 1677 # 0.003, y — 1.702 4 0.008 and y/c — 39%. The 
diopside, however, is seldom clear. A yellowish-brown substance, possibly an 
alteration product, is in most cases present on the surfaces of the grains. In 
reflected light this substance is pale yellowish-pbrown. Some of the grains appear 
to be wholly transformed into this product. Flakes of -ore and anisotropic 
acicular jinclusions may be present. 

(b) Hypersthene is less abundant and characterised by a higher degree 
of rounding than 'diopside. No crystal faces were observed. 'The index of 
elongation and dimensions of the grain is similar to that of the diopside. 
Striations are common and cleavage in two directions is well developed. 'The 
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hypersthene is colourless to pale green and the coloured grains are faintly 
pleochroic. ?2Vu is approximately 70% and the refractive indices . and y are 
edual to 1.696 and 1.718 -4 (0.003 respectively. 

(c) Pigeomite is a rare constituent and only two grains averaging 0.45 mm. 
by 0.41 mm. in size were found in fraction B (Fig. I e). No crystal faces 
are visible but the rounded grains are somewhat splintery on cleavage surfaces 
which are inclined to each other at 880. 'The mineral is faintly pleochroic 
a — pale yellow, # - pale yellowish-pink and y — pale pink. The mineral has 
a moderate to high relief and the value of the mean refractive index is 
1.700 4 0.003 and y — a — 4 0.093. 

A well centred, biaxial interference figure was obtained. 'The axial angle 
is about 140 to 15% and the mineral is optically positive. Minute round eolourless 
inclusions are present in the pigeonite. 'Their refractive index is about the 
same as that of the pigeonite. A brownish-yellow substance present on the 
surface of the grains may represent a decomposition product. 


d e 


Fig. I. (a) Spessartite X 55. (b) Rounded zircon X 110. (ce) Zircon with 
Crystal faces X 110. (d) Cyanite X 110. (e) Pigeonite X 58. 
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3. ZIRCON 


Zircon is the principal detrital mineral constituent of portion D and 
comprises about 3 percent of the entire heavy residue. The majority of the 
grains show no original crystal faces (Fig. I b) and when present these may 
stil] retain their shape, but all the edges are rounded. 

About ?2 percent of the zircons, however, are euhedral and display well 
formed crystal faces (Fig. Ie). These grains are elongated and exhibit prismatie, 
pyramidal, and basal faces which show no siens of abrasion. It is clear that 
these two types of zircons have different origins and histories. 'The average 
size of the grains is 0.242 mm. by 0.170 mm. and the average elongation index 
of 150 grains is 1.48. 'The elongation of a single crystal which showed no signs 
of abrasion is 2.75. 'The mineral is colourless to pale-yellow and may possess 
well developed prismatic cleavages. Tt is difficult to obtain well centred 
interference figures and optical anomalies are prevalent. 

Pale brown non-pleochroic aggregates and dark brown to opadue material 
of irregular form, as well as acicular crystals, appear to be distributed at 
random in the substance of zircon crystals. 


Ad. RUTILE 


More than one percent of rutile was recovered from portion C and D. 
Owing to the high degree of rounding no grains.displaying crystal faces were 
found. 'The average index of elongation proved to be 1.26 but values up to 
92.38 were recorded. 'The average dimensions of the crystals being 0.26 mm. by 
0.22 mm. but rutile grains up to 0.62 mm. by 0.26 mm. were also found. 'The 
rutile varies in colour from deep red to yellowish-brown. Some crystals are 
faintly pleochroic. In general, elongated crystals have the yellowish-prown tint, 
while the rounded grains are dark-red in colour. (Cleavage in one direction, 
parallel to the length of the crystals, is present and the mineral has a 
subconchoidal to uneven fracture; inclusions were not observed. Under crossed 
nicols and in convergent light the mineral is normal. 


5. TOURMALINE 


The heavy residues hold less than half a percent of tourmaline which 
is concentrated in fractions A and B. Crystal faces are absent owing to the 
high degree of rounding which has taken place and the grains typically exhibit 
spheroidal or ellipsoidal forms and their surfaces being smooth or sometimes 
finely pitted. Striae parallel to the vertical crystallographic axis were seen in 
a few grains. 'The average elongation index based on the measurement of 
100 grains is 1.321 and the average size is 0.259 mm. by 0.199 mm. 'The majority 
of tourmalines are brown in colour but grains with a bluish tint were also 
observed. In a few instances tourmaline grains displaying both colours were 
seen. Absorption and pleochroism are marked. 


€ D] 
Pale yellowish-brown Dark brown 
yellowish brown dark reddish-pbrown 
light greyish brown black 
pale brownish-blue dark greyish-blue 


pale mauve. black to dark purplish-blue. 
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The refractive indices of the tourmaline grains range from 1.693 4 (0.003 
to 1.676 4 0.003. Generally speaking the tourmaline is devoid of inclusions 
though some grains may hold minute indeterminable anisotropic inclusions. 


6. CYANITE 


A small guantity of this mineral was detected in #raction B. In shape the 
grains range from spherical to ellipsoidal (Fig. I d), the average index of 
elongation being 2.00. 'The average grain-size is 0.35 mm. by 0.17 mm. 'Three 
sets of cleavage traces are common. The cyanite is colourless, devoid of inclusions 
with y — 1.728 4 0.003. ?2Va -— 80 to 85 and y is inclined to the long axis of the 
grain at an angle of approximately 30%. 


1. EPIDOTE 


Small guantities of almost spheroidal grains oi epidote were found in the 
B-fraction of the heavy residue. 'The grains are fairly large measuring on the 
average (0.38 mm. in lengih and 0.344 mm. in breadth. 'The average elongation 
index is 1.21. 'Two types of strongly pleochroic epidote appear to be present, 
one is yellowish-orange and the other pistachio-green in colour, and the former 
being the commoner of the two types. 


Oo B Y 
# 
(a) pale lemon-yellow. light brownish-yellow orange brownish-yellow 
(b) greenish-yellow greenish-yellow pistachio green 


Cleavage in one direction is well developed. 'The relief is high and the 
refractive index of the intermediate ray is 1.749 4 0.003 and 2Va - 80%. 'The 
parallel arrangement of anisotropic inclusions in layers and bands gives the 
mineral a streaky appearance parallel to a visible direction of cleavage against 
which an exztinction angle of 40% was recorded. 


8. CLINOZOISITE 


Clinozoisite is a rare constituent. It occurs in well rounded grains elongated 
parallel to the best developed cleavage. 'The average grain size is 0.34 mm. by 
0% mm. and the average index of elongation is 142. 'Traces of a less 
prominent direction of cleavage inclined at an angle of about 85% to the long 
axis of the grains is occasionally visible. 'The mineral has a pale yellow colour, 
and is pleochroic as follows: o - faintly yellow, # - light prownish yellow and 

— light brownish yellow. 'The absorption formula is a “ B — The refractive 
index of the intermediate ray is 1.728 # 0.003. 'The birefringence is low, about 
0.008 and 2Vy — # 80o. 
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Fig. II. (a) Apatite X 110. (b) Almandite X 35. (ce) Lusakite X 55. 
(d) Dewindtite X 110. 


9. STAUROLITE 


Staurolite is not abundant in the sand. (Crystal faces are not present and 
grain surfaces are rounded and finely pitted. 'The grain size is moderate, the 
average length and breadth being 0.34 and 0.28 respectively. 'The elongation 
index is 143. Cleavage is well developed in one direction and the extinction 
parallel. 'The mineral is strongly pleochroic With a - pale pinkish yellow, 
B - pinkish yellow and vy - golden brown. 'The refractive index of the 
intermediate ray is 1.740 # 0.008 and 2Vy approximately 80%. Brownish yellow 
anisotropic inclusions were observed in the staurolite. 

In fraction B an elongated subangular grain the colour of which ranged from 
bright blue to colourless was found (Fig. II c). 'The mineral proved to be 
anisotropic and shows straight esztinction against a visible set of cleavage traces. 
The refractive indices are high a — 1768 4 0.008, y - 1.715 4 0.008 and the 
elongation of the grain proved to be negative. 2Va was found to be large probably 
about 80% and the pleochroism of the coloured part of the grain pronounced and 
distinctive With a — pale blue, # — violet blue and y - cobalt blue. The available 
data strongly suggest that the mineral is a cobalt-bearing variety of staurolite 
closely resembling the mineral Lusakite described by A. C. Skerl and 
F. H. Bannister (Min. Mag. No. 146, Vol. 23). It is noteworthy, however, that a 
spectrographic examination of the grain by Dr. A. Strassheim failed to reveal 
the presence of the metal cobalt but the elements aluminium, magnesium and 
silicon were present. 'The diminutive size of the grain as well as the irregular 
distribution of colour which is suggestive of a low concentrate of cobalt in 
this fragment may account for the negative results. 


10. HORNBLENDE 


Hornblende is rather rare in the sand. The grains are angular as a result 
of #fracturing along the two directions of cleavage which are well developed. 
The grains are length slow with y/c — 190. 'The hornblende is green and strongly 
pleochroic as follows: a - yellowish green, # - dark olive green and y - bluish 
green. The absorption formula is a € # “xv. The mean refractive index of the 
hornblende is 1.646 4 (0.003 and 2Va - 4 800. Numerous black inclusions as 


179 


well as a round colourless anisotropic inclusion of low refractive index were 
observed in the hornblende. 


11. APATITE 


A few colourless subangular grains (Fig. IT a) of a member of the apatite 
SToup were found in portion A. 'The average elongation index is 1.58 and the 
largest grain measures (0.36 mm. in length and 0.24 mm. in breadth. 'The basal 
parting is fairly well developed and traces of the prismatic cleavage are 
occasionally visible. Grains flattened parallel to the basal parting give a well- 
centred uniaxial interference figure with no isochromatic curves. 'The refractive 


index varies in different grains from 1.623 to 1.638. 'The birefringence is weak, 
about 0.004. 


12. MAGNETITE AND ILMENITE 


Approximately one-fifth of the heavy residue investigated consists of iron 
ore and the bulk of it was recovered from the magnetic fraction. 'The ratio 
of magnetite to ilmenite is approximately as 6:4. 'The average size of the 
grains is 0.302 mm. by 0.29 mm. and it is clear that while some have been 
perfectly rounded others exhibit well developed crystal faces. About one percent 
of the heavy residue consists of leucoxene which is an alteration product of 
iimenite. In reflected light the leucoxene has a brownish-yellow to white colour 
and can be seen to hold cores of ilmenite. 


13. DEWINDTITE ? 


A few rounded grains of an orange yellow anisotropic mineral (Fig. II ad) 
which proved to be stsngly radio-active were found in the fraction D. 'The 
average dimensions of the grains are 0.31 mm. by 0.29 mm. and the average 
index of elongation 1.2. The refractive index # proved to be 1.765 4 0.003 and 
the birefringence weak. An extinction angle of 6o was measured against the 
only cleavage traces visible. 'The size of the optic axzial angle could only be 
estimated and is believed to be about 750. 'The mineral is optically positive 
and the dispersion pronounced with p— v. 

A grain mounted on the end of sa hair by means of canada balsam was 
placed against a sensitive photographic film for 24 hours. On development a 
distinct image of a stellate halo as well as the adjoining portion of the hair 
was visible. 'The cleaned grain placed in a small cavity in a chemically pure 
copper electrode was submitted to Dr. A. Strassheim for spectrographic 
examination, but neither uranium nor lead could be detected in the spectrum. 
Calcium lines were, however, recorded on the photographic plate. From the 
foregoing it is clear that further research will be necessary to establish the 
identity of this mineral. 


IV. POSSIBLE LOCALITIES OF ORIGIN OF THE DIFFERENT 
MINERALS IN THE OLIFANTS RIVER SAND 


A glance at the topographic map reveals the fact that the Olifants River 
and its tributaries drain a large area. 'This area reaches from just north of 
Ceres in the south, to Commissioner's Pan, west of Onderste Doorns in the north. 
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'The area extends eastwards to the south of Sutherland, and the total catchment 
measures approximately 18,000 sauare miles. 

The area includes outcrops of Older Granite, Younger Granite, Nieuwerust-, 
Malmesbury-, and lIbiguas Series, the Table Mountain Sandstone, Bokkeveld-, 
Witteberg-, Dwyka-, Ecca-, and Beaufort Series as well as Dolerite sills and 
dykes and surface deposits. We thus find sedimentary rocks, metamorphic rocks, 
as well as acid and basic plutonic rocks of different ages. Practically any stable 
rockforming mineral may thus be present in the sand at the mouth of the 
Olifants River. 

A peculiar characteristic of the sand is the large percentage of garnets. 
At the base of the marble horizon in the Malmesbury Series, a garnetiferous 
layer was discovered in a borehole on the bank of the Hol River by J. W. du Preez. 
The garnet in this horizon is pale pink to colourless and is crowded with 
inclusions, and the refractive index of this mineral is 1.811 (4 (0.003), suggestive 
of the mineral spessartite. Possibly only a very small portion of the garnets 
in the sand may have been derived from this horizon owing to its limited 
distribution. 

In the drainage basin of the Olifants River we find outcrops of gneisses 
and metamorphic rocks which seem to be related to the Primitive System. 
According to W. C. Brink, garnets are present in these metamorphic rocks, but 
the majority display the physical properties of almandite. 'These rocks may, 
therefore, constitute a probable source of the almandite garnet in the shore sand. 
Tt is possible that the andradite and grossularite may also have been derived 
from these rocks. 


If the spessartite garnet in the sand was derived from the Post-Cape 
sedimentary rocks present in the catchment of the Olifants River, considerable 
lateral variation in the heavy mineral constituents of these sediments from 
South to north is implied by the small percentages of spessartite, now known 
to be present in the Breede River, Kuils River and Faure sands. It should 
be borne in mind, however, that nothing whatever is known about the nature 
of the heavy residues or lateral variation in mineralogical composition of the 
above-mentioned sedimentary units from south to north, and hence the greatest 
Caution should be exercised in correlations of this type. 'The zircons in the 
sand do not differ appreciably from the zircons of the Robertson and Kuils 
River sands. 'They may have been derived principally from the Table Mountain 
Sandstone with river load additions from other formations. 


The small percentage of zircons with well preserved crystal faces, may have 
been derived from the granite masses in the drainage area of the Olifants River. 
The effect of long-shore currents on the distribution of detrital minerals in the 
shore sand must be taken into consideration when reconstructing their possible 
provenance. A consideration of this control immediately greatly extends the 
source fields which may then include the wide expanse of gneisses, granites, 
primitive rocks and recent coastal deposits of Namadualand, and even further 
north. 


An interesting mineral found in the sand, is pigeonite. 'This pyroxene is 
known to be very unstable. Its origin must be sought in the Dolerite sills and 
dykes of the Karroo System. 'These intrusions are, however, distantly located 
from the mouth of the Olifants River, but owing to rapid transportation of 
loads from the Doorn River basin, this mineral may well have reached the region 
of deposition in a chemically unchanged condition. 
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The presence of the rather soft soluble mineral apatite in the concentrate 
is also indicative of rapid transportation and it is possible that it may have 
been released by the weathering and disintegration of the granite masses in the 
basin of the river. 

It is clear that some of the minerals in the sand have passed through 
various cycles of erosion while others were apparently recently released from 
plutonic rocks. This condition is clearly demonstrated by the ilmenite and 
magnetite, amongst which rounded grains as well as grains with perfectly 
preserved crystal faces are found. 


A REVIEW OF THE CAPE OROGENY 
By 
JOHN DE VILLIERSK MAS 


ABSTRACT 


The three orogenic periods affecting the Cape System are discussed, 
and the nature of the surface of deposition of the Cape System, as 
a control factor of the orogenic forces, is. given full consideration. 'The 
competence-variation in the pre-Cape foundation, as a control over the 
appearance and arrangement of the deformed Cape rocks is stressed. 
Parallelism of the pre-Cape and Cape Systems in the Western and 
Southwestern Cape Province is demonstrated, as well as that in the 
George-Oudtshoorn region. 'The region of syntaxis is delineated in 
the Worcester area. 

Structural lines in the Karroo System are shown to coincide with 
those in the Cape System, due to the Karroo rocks being affected by 
the same forces. 'The lithology and diastrophism of the pre-CGape rocks 
is fully discussed — the conditions obtaining in the Geosyncline are 
noted in detail, and the structures in the Folded Belts are fully 
described. 

A summary of external opinions by Drs. A. L. du 'Toit and 
A. W. Rogers is given with the view of presenting evidence not 
examined by the author himself. 

Finally an analysis, of the Ages of Folding and of the nature of 
the orogenic forces, is made, while the origin of Fold Mountains in 
general, as propounded by Lawson and Jeffreys is presented in full, 
with due applications of such views to the local problem. 
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I. INTRODUCTION 


Practically the whole area occupied by members of the Cape system has 
been mapped geologically and the disposition of the beds is fairly well known; 
but, although the Cape orogeny has been the subject of various generalisations, 
no detailed attempt has been made to determine either the age of the 
deformations or the origin and genesis of the various diastrophic forces. In 
this paper, therefore, an attempt is made to gather the salient known facts 
about the orogeny and to determine these factors. It should be realised, however, 
that it is not expected to treat the subiect exhaustively: this paper is merely 
intended as an introduction to the problem. 

In a discussion such as this, it is not sufficient to consider the Cape system 
only: its diastrophic history appears to have been intimately bound up with 
that of the pre-Cape rocks. Furthermore, the nature of the surface of deposition 
of the Cape system and the varying competence within the pre-Cape foundation 
are bound to have exercised a very important control over the appearance and 
arrangement assumed by the Cape rocks after their deformation. ITt is, therefore, 
necessary to consider these factors as well. 

The pre-Cape rocks in the western and south-western Cape exhibit a 
remarkable parallelism with the younger Cape system. Tn the west, the 
axes of the older foldings (the Namaides or Brasilides) are to all intents and 
purposes identical with those of the younger Cedarberg foldings. In the south- 
west, the older folding. of the pre-Cape in the George and Oudtshoorn areas 
are again co-directional with the younger Cape foldings (Gondwanides). Tn 
both cases there appears to be a region of syntaxis in the Worcester area. 
Similarly, the structural lines in the Karroo system also coincide in direction 
with those in the Cape system. 'This, however, is not so surprising, as the 
Karroo strata have been affected only by the same forces as have affected 
the Cape rocks. 

The various elements affected by the post-Cape orogeny may, therefore, be 
discussed in chronological order. 


II. THE ROCKS OF THE PRE-CAPE PLATFORM 


It would appear that, during the late pre-Cambrian ( (6), p. 491), most 
of the African continent south of the Congo was submerged, there being collected 
sub-adgueously the thick succession of sediments known in the Union as the 
Transvaal and Nama systems. 'The correlation of these strata within the Cape 
fold-belt with rocks outside this belt is only tentative: even inter-correlation 
within the folded area itself is fraught with great difficulties, owing to the 
small areal extent of many of the occurrences and the distances separating 
them. Since, however, it is desired merely to examine the varying competence 
within the pre-Cape platfcrm, the actual correlation of the sediments is of 
no moment: their attitude is the prime factor. 

Excluding, for practical reasons, the occurrence of the Table Mountain 
series in Natal, the known occurrences of the pre-Cape rocks within the area 
occupied by the Cape system may be divided into two: 
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1. 'Those occurring from Nieuwerust southwards, i.e, within the zone of 
north-south folding. With these may be included the pre-Cape rocks 
of the Western Province and those occurring just north of the Worcester 
fault as far east as Swellendam. 


9. '“The occurrences to the east of the last. 'They are discontinuous in 
outcrop, the following areas being known, all of which owe their 
appearance to erosion subseguent to the post-Enon faulting: 


a. In the vicinity of George. 

D. 'The Cango beds north of Oudtshoorn. 
c. 'The Baviaans Kloof occurrence. 

d. 'The Onverwacht-Sandrivier occurrence. 
e. 'The Gamtoos area. 

f. A small patch north-west of Uitenhage. 


'There is one very important difference between the beds in these two 
areas. 'The beds in the west are always separated from the younger Table 
Mountain series by a very marked angular unconformity; it is very obvious 
that they suffered extreme deformation before being planed down, the Cape 
system being deposited on the surface produced. As one proceeds eastwards, 
this unconformity becomes less and less conspicuous. Tt is still to be seen 
north of the Worcester fault and to a much lesser extent in the vicinity of 
George, still less in the Cango valley ( (6), p. 151), while in Baviaans Kloof 
and the Gamtoos valley the apparent conformity between the pre-Cape beds 
and the younger 'Table Mountain series greatly adds to the difficulty of 
distinguishing between them in the field. It is only when the contact as a 
whole is considered that it is seen that the Table Mountain series gradually 
transgresses across the upper beds of the pre-Cape succession. 

The following would, therefore, appear to have taken place. In the west, 
before the deposition of the Cape system, the pre-Cape rocks were folded along 
axes striking roughly N.N.W.-S.S.E., isoclina] folds being thereby produced. 'This 
folding, however, decreased in intensity eastwards, still being apparent, but to 
a much lesser extent, in the George and Cango areas, where, however, the folding 
occurred along axes orientated almost east-west. Signs of folding at this stage 
are practically lacking in the Baviaans Kloof and Gamtoos areas. 

Intruded into the pre-Cape beds in various localities are granite rocks. 
Typical of these intrusions is the George massif, which is of primary importance 
in any consideration of the Cape orogeny. Professor D. LL. Scholtz has very 
kindly supplied me with the following note on the granites intrusive into the 
pre-Cape system and their probable effect on the competence of the platform 
of deposition of the Cape system. 

“Excluding the earlier sodic-tieh intrusive rocks constituting the Brewels 
Kloof Complex near Worcester, the available field evidence strongly suggests that 
the pre-Cape plutons intrusive in the Malmesbury Series of the Western Province 
conform to the general characteristics of the typical subjacent intrusion in the 
sense that they appear to enlarge downwards. 'They usually differ, however, from 
the type batholith in so far as their relations to the invaded sediments are 
concordant rather than transgressive. 'The detailed study of the internal 
structures of the intrusions at George, Swellendam and Robertson reveals the 
fact that they are disconformable and probably disharmonic as well. Gentle 
flow-line arches with axes transverse or inclined to the regional structures of 
the Malmesbury series characterise the plutons in this region. 'The George 
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massif with its southern sill-like apophyses, appears to have occupied the core 
of an unsymmetrical anticline characterised by an undulating crest line and 
Southernly dipping axial plane. 'The attitude of the sediments in this region 
suggests that the thrust which operated in a general northery direction 
represented an early phase of the pre-Cape orogeny. It is believed that magmatic 
stoping played an important part during emplacement whereas some of the 
smaller intrusions seem to have enlarged their chambers by forcibly thrusting 
aside their wall rocks. 

“In the George batholith, lineation and foliation may be said to attain 
their best development but, generally speaking, these primary structures become 
progressively less marked in the Nama plutons further to the west. It is 
significant that the trend of the flow-lines, where recognisable, is remarkably 
constant in a general N.W.-$S.E. direction. 

“In the area to the west of Worcester, foliation is often well developed in 
the Nama plutons and this primary structure usually attains its best development 
about their margins, its strike and dip almost invariably coinciding with that 
of the invaded sediments. 'The plutons are often markedly elongated in a 
N.W.-S.E. direction parallel to the tectonic axes of the Malmesbury series. 'The 
tectonic stress responsible for the fiexuring of the ancient sediments in this 
region originated in the south-west, and operated in a general north-easterly 
direction over a considerable area. 

“There is good reason to believe that the ensuing period of magmatic activity 
was genetically related to this apparently later phase of pre-Cape orogeny, 
and that magma from a relatively large deep-seated parent reservoir rose 
primarily along the cores of symmetrical and asymmetrical anticlinal folds 
which had developed in the Malmesbury series. 

“Evidence afforded by the orientation of the internal structures of the Nama 
plutons, as well as the far, that aplite dykes and veins are far more commonly 
encountered along S.W.-N.E. trending d-joints than in any other direction, serve 
to indicate that the orogenic impulse was still a powerful force during the 
emplacement and consolidation of these intrusions. 

“Owing to the fact that younger intrusions of duartz-porphyry are 
freguently characterised by gneissose or schistose textures, there can be little 
doubt that the prevalent strain phenomena and evidence of cataclastic 
deformation observed in the Nama plutons also dates back in part to the waning 
activity of this pre-Cape period of orogeny, thereby blending with and partially 
obscuring the effects of post-Cape diastrophism. 

“An outstanding feature of the igneous rocks constituting these plutonic 
intrusions is the wide range of erystallinity, granularity and the somewhat less 
conspicuous change of fabriec displayed by them. 'This textural variation, which 
is usually accompanied by an increase in acidity in the finer grained porphyritic 
and eduigranular types, appears to have been controlled by the environment of 
the magma during emplacement, and can hardly be attributed to successive 
magmatic intrusions since the textural variation is almost invariably of a 
gradational nature and is characteristic of the marginal and hood zones of 
practically all those intrusions which were first exposed in post-Cretaceous times. 
In addition to the gradual variation in composition exhibited by the various 
textural types, there is also the less common though often pronounced effect of 
contamination upon the composition of the intrusives, owing to the partial or 
complete assimilation of aluminous sediments. If these factors are borne in 
mind, and comparison be limited to representative material obtained from 
different intrusions, the mineralogical and chemical similarity is such as to force 
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one to conclude that they are all genetically related '(Biotite Adamellites 
characterised by the C.IP.W. symbol 1.4.2.3.), whilst the similarity of age, attitude, 
and wide-spread distribution of these intrusions in different parts of the intruded 
terrain is strongly suggestive of the presence in depth of a parent subjacent 
intrusion of considerable extent. 

“The original parent subjacent intrusion appears to have been characterised 
by a very irregular roof, owing to the presence of numerous satellite protuberances 
which rise to very different heights above a common datum plane. Some of 
the intrusions now visible appear to have been wholly or partially levelled by 
pre-Cape peneplanation, whilst others had comparatively thin covers of 
sedimentary or contact metamorphbic rocks. The present configuration and 
variation in relief (approximately 0 to 3000) of the exposed pre-Cape-T.M.S. 
junction in the Western Province can only be interpreted as a direct consedguence 
of the participation of the base levelled pre-Cape terrain in the post-Cape 
diastrophism. 

“From the foregoing, we have reason to believe that the competency of the 
pre-Cape platform 'difered greatly from place to place. Highly rigid areas of 
firmly rooted plutonic rocks would tend to resist deformation to an extent largely 
governed by their size. 'The resistance offered by some of these intrusions 
when contrasted with the inherent incompetence of the Malmesbury series as 
a whole, as well as other zones of weakness in the pre-Cape platform, must 
have exercised a certain measure of control on the effects of post-Cape fiexuring 
and faulting. 

“Owing to our very meagre knowledge of the stratigraphy and tectonics of 
the Nama system and the attitude of intrusives, it is only possible to draw 
attention to a few of the more obvious relationships which appear to justify 
and substantiate the above-mentioned conclusion. 


1. 'The general parallelism of structural features in the pre- and post-Cape 
rocks. 


2. 'The apparent sympathetiec arcuate arrangement of fold axes of rocks 
of the Cape system about possible granite buffers (George area). 


3. 'The apparently undisturbed condition of the TMS. in the Cape- 
Stellenbosch area may be attributed in part to a rigid granitic foundation, 
and to the nature and direction of application of tectonic pressure 
during the mid-Carboniferous to late 'Triassic period of orogeny. 


4. 'The occasional parallelism of gneissic and shear zones in the granites 
with directions of post-Cape faulting (Jonkershoek-Klipheuvel area). 


5. The occasional deflection of post-Cape faults by concealed portions of 
intrusions (Robertson, Swellendam). 


“It, therefore, seems reasonable to assume that an investigation of the 
nature and origin of the Cape Fold Belts is not likely to be limited to the 
study of post-Cape rocks, but in all probability also involves a detailed 
investigation of the nature, structure and distribution of rocks constituting 
the pre-Cape terrain.” 

This pre-Cape diastrophism, which presumably elevated the strata above 
sea-level and ended the period of deposition, was followed by a long period 
of crustal stability. Brosion was active, and as a result there was produced 
in the west what must have been one of the most perfect peneplains in the 
geological history of South Africa. The surface must have been very nearly 
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level, as can be seen where the post-Oape movements have not disturbed it 
much, e.g. in some parts of the Western Province. Farther east this surface 
is not as well known, as it is exposed over only short distances and was 
greatly deformed by the later folding. In the George and Cango areas, however, 
it is apparent that a certain amount of peneplanation must have taken place, 
and it is possible that this planation extended to beyond where Port Elizabeth 
now is. 


III. THE CONDITIONS WITHIN THE GEOSYNCLINE 
A. THE CAPE SYSTEM 


During the late Silurian or early Devonian, this peneplain, which presumably 
sloped southwards to an ocean situated in that direction ( (6), p. 496), was 
depressed until overrun by a shallow sea from the south. 'This depression may 
have been accompanied by tilting along an axis which extended from near 
Van Rhynsdorp in the west to Zululand in the east. 'This depression of the 
peneplain marks the formation of the roughly east-west trending geosyncline 
in which there was deposition from the late Silurian to the upper Permian, 
when the first unconformity occurs ( (5), table facing p. 62). 

During the deposition of the Table Mountain series, conditions were probably 
Cool or cold (cf. the tillite horizon), while the water was shallow. In order 
to accommodate the 5,000 feet of sediments, it is evident that the geosyncline 
must have been sinking contemporaneously with the sedimentation. 'The origin 
of the sediments, as evidenced by their increasing coarseness in that direction, 
was situated in the north. 

During the lower Devonian, the sea in the geosyncline was deepened, while 
the climate became milder, and there were collected the sediments comprising 
the Bokkeveld series with their typical fossils. 'That there may have been 
oscillations in the depth of the water is indicated by the alternating fine and 
coarse sediments of the series. 

The Witteberg series indicates a shallowing of the water and, not improbably, 
lacustrine conditions were initiated. Conditions of deposition in the geosyncline 
after the sedimentation of the Bokkeveld series indicate a progressive shallowing 
of the water, the conditions being successively: marine during the Bokkeveld; 
lacustrine during the Witteberg; estuarine during the Dwyka; shallow lacustrine 
during the Ecca; and alternately shallow lacustrine and terrestrial during the 
lower Beaufort. While the water shallowed, however, there was not necessarily ` 
any shallowing of the geosyncline: in fact, the great thickness of sediments 
collected in it during this total' period indicates that it must have been 
progressively deepening; but it is probable that the sedimentation gradually 
caught up on the deepening. 

The regression noticeable in the Cape system when proceeding to the higher 
series in the north-west, suggests that the northern margin of the geosyncline 
must have been rising while the centre was sinking. 'This is further borne 
out by the fact that the Table Mountain series in the extreme north was affected 
by erosion during or immediately before the Dwyka glaciation. 


B. THE KARROO SYSTEM 


The Lower Dwyka shales were deposited only within the geosyncline as 
such, but with the appearance of the Dwyka tillite the subseguent strata 
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overlapped the northern confines of this trough of deposition. 'The shales were 
probably derived from the north. 

The Ecca and Beaufort series, however, were probably derived from the 
land which then presumably bordered the geosyncline to the south. As proof 
of this contention may be cited: 


1. The great thickness of these two series in the south as opposed to 
their thinning out northwards. 'This fact has already been remarked 
upon by Born and others ( (1), and (6) p. 498). 


2. 'The land to the north was probably itself covered, either wholly or 
partially, for a vast distance by either Ecca or Beaufort beds and, 
therefore, the provenance of products of erosion from it during this 
time is to a large extent excluded. 


3. 'The very fresh state of the feldspars in the Beaufort sediments near 
East London suggests that these sediments must have been derived 
from near at hand. The nearest northern strata that may not have 
been covered by Karroo beds at this stage, are situated too far away 
to have provided such fresh feldspars at this point. 


We see, therefore, that not only was the water within the geosyncline itself 
shallowing until uitimately partially terrestrial conditions were obtained, but 
at the same time the southern border of the geosyncline was in all probability 
rising, until, where there once was an ocean ( (6), p. 497), land appeared to 
provide the bulk of the post-Dwyka sediments in the south. Whether this 
appearance of land was due to epeirogenesis or to an early stage of folding 
in the Cape orogeny is unknown. 


IV. DESCRIPTION OF THE STRUCTURES IN THE 
FOLDED BELTS 


The Cape system exhibits three main structural lines: 


1. 'The Cedarberg foldings in the west, striking roughly N.N.W.-SSE. 
2. 'The Cape foldings in the south with roughly E.-W. strike. 
3. The Lebombo monocline in the east, striking approximately N.N.E.-S.S W. 


The region of syntazis between the first two is situated in the South-west, 
in the Worcester-Ceres area, while that between the last two must be covered 
by the Indian Ocean south of Port St. Johms and east of Port Alfred. 

The Cedarberg foldings extend south-south-eastwards from near Van 
Rhynsdorp, the Cape system having been thrown into synclines and anticlines 
very gentle and open in the north where the general structure is more that 
of a monocline ( (6), Fig. 31, p. 204), but becoming more closed towards the 
south, where they have been affected by the later Cape foldings. 

At right angles to this belt there is the east-west zone of the Cape 
foldings, also variously referred to as the southern Cape fold-belt, the Zwartberg 
foldings, and, in a somewhat wider sense, by du Toit as the Gondwanide orogenic 
belt (5). 'They stretch in a gently curved belt at least 100 miles wide from 
Worcester in the west to the mouth of the Fish River in the east, where they 
enter the Indian Ocean and are lost to observation. West of Worcester, the 
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strata were affected by the same stresses that caused the deformation in the 
east, but the effects are complicated and obscured by the crossing of the east-west 
axes with the apparently older north-south Cedarberg axes in this region of 
syntaxis. 

During the folding, all strata up to and including the lower Beaufort were 
affected to a greater or a lesser extent; but, in discussing the pattern of the 
individual folds, it is advisable to employ as a marker the Table Mountain 
series, which almost everywhere forms the major relief features. 'Thus it is 
necessary only to take into consideration the various mountain ranges that are 
composed of this series and which everywhere parallel its strike. 


INDIAN OCEAN 


Fig. 1. 'Trend of the principal anticlinoria in the east-west fold-belt of the 
southern Cape. 


Z — Zwartberg range. A — Anthoniesberg. 

L— Langeberg range. CO — Oouga Mountains. 

O — Outenidua Mountains. B — Baviaans Kloof Mountains. 

T — Tsitzikamma Mountains, G — Great Winterhoek Mountains. 
R — Rooiberg. E — Elandsberg. 

K — Kammanassie Mountains. V — Van Stadens Mountains. 


Shaded area: George granite. 


Commencing in the north (see Fig. 1), there is first of all the Zwartberg 
range. 'This great anticlinorium appears through the younger Bokkeveld beds 
almost half-way between Ladismith and Robertson in the west, following a 
Course somewhat north of east but which graduaily changes to due east beyond 
Oudtshoorn, until it again plunges below the Bokkeveld series of the flats south 
of Willowmore. 'The axis of this anticlinorium, therefore, forms a gentle arc 
some 160 miles long with the concave side facing in a direction about S.5oE. 

In the south there is the great Langeberg-Outenigua-Tsitzikamma anti- 
clinorium. Since only the east-west folds are being considered here, this 
anticlinorium need be taken into consideration only from Swellendam in the 
west, from which point it is relatively unaffected by the Cedarberg foldings. 
The axis of this great system of folds describes a short arc, with concave side 
facing S2oE., as far as Garcia's Pass, where a syncline of Bokkeveld beds is 
enclosed in the upper reaches of the Duivenhoks River. From this point a 
long slow arc commences, the concave side facing S.4E, to a point N.N.W. 
of Knysna, from where the Tsitzikammas form a sharp almost $.129W.-facing 
arc, which enters the sea south-west of Humansdorp. This anticlinorium 
consists, therefore, of three major arcs, from which minor arcs branch, especially 
east of George, the axes of the latter usually having a strike approximating 
to E90cS. 'These branch arcs also have their concave sides facing south or 
south-west. 
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Between these two major anticlinoria there are four short arcs of importance, 
besides several others situated especially in the west. 'The most westerly is 
the Rooiberg anticlinal arc, near Vanwyksdorp, with the concave side facing 
nearly south. Bast of this, and slightly offset to the north, is the arc of 
the Kammanassie Mountains, the concave side facing S.6oE. Farther east, and 
again offset to the north, is the arc of the Couga Mountains, facins S16oW.; 
while to the north, and offset south and west of the eastern extremity of the 
Zwartberg arc, is the short arc of the Anthoniesberg, the concave side facing 
S.4oW. 

Between the last two arcs, there commences another great anticlinorium. 
In the west is the Baviaans Kloof Mountains arc, markedly concave in a direction 
facing S12oW. 'This arc eztends as far east as the gorge of the Groot River, 
where another arc, the Great Winterhoek Mountains, commences, which in turn 
is concave in a direction facing S4oW. From this latter arc, however, there 
branch two other trending E.28o$8., vis. the Elandsberg and the Van Stadens 
Mountains. * 

Seen in plan (Fig. 1), the trend lines of these anticlinoria are arcuate both 
as a whole and individually, there being two main arcs: a northern consisting 
of the Zwartberg range, Anthoniesberg, Baviaans Kloof and Great Winterhoek 
Mountains; and a southern or Langeberg-Outenigdua-Tsitzikamma arc, with 
between them the smaller Rooiberg, Kammanassie and (Couga arcs. 'The 
individual arcs tend to give the appearance of being arranged en echelon, which, 
indeed, is the case, the arcs overlapping somewhat and usually being slightly 
offset. The axes of arrangement of these arcs being themselves arcs, adjacent 
minor arcs are not parallel, the trend changing from north of east in the 
west to south of east in the east, the divergence from an easterly trend increasing 
greatly in the east. 

The southerly bend in the arcs in the west may be explained by the 
compounding of the existing Cedarberg (north-south) foldings and the younger 
east-west foldings, while the southerly bend in the east may be due to syntaxzis 
caused by the crossing of the east-west foldings by the younger Lebombo 
monocline ( (6), p. 505). Tt is unlikely, however, that these two syntaxes are 
entirely responsible for the pattern and shape of the trend-lines of the folds 
— at least the en echelon arrangement and probably part of the arcuate shape 
must be due to the original deformation. 'This has already been stated by 
Schwarz, who, at first, supposed that cross-folding had taken place in the 
Baviaans Kloof area (10), but who later wrote the following ( (11), p. 59: 
“Tn last year's report on the Baviaans Kloof, I found a similar diagonal folding, 
but attributed the inclination to the interaction of north and south folds, but 
I now find that the inclination is not the resultant of two lines of forces, but 
the actual direction in which these forces acted.” Here should be mentioned 
again, however, the control that could have been exercised upon the expression 
of the folding by the George massif. It is remarkable how the trend-lines 
of the folds bend around it, especially in the east. 

A notable feature of this zone of folding is the Little Karroo synclinorium 
bounded in the south by the Langeberg-Outenigua and Couga anticlinoria, and 
in the north by the Zwartberg arc. In it there rise the whale-backs of the 
Rooiberg and Kammanassie arcs, with some smaller features in the west. It 
is floored to a large extent by Bokkeveld strata, which have probably been 
thrown into isoclinal folds in places as a result of drag-folding (9). In the 
north it is bounded by the Cango fault, towards which all the beds in the 
synclinorium have a general dip. Along this fault, younger beds have been 
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let down, e.g., the Witteberg near Ladismith, and the Enon beds from Calitzdorp 
to east of Oudtshoorn. In the centre the symmetry of the feature is broken 
by the ridges of Table Mountain sandstone connecting the Langeberg and 
Zwartberg ranges. 

In general, the dips within the synclinorium are gentle and directed 
towards the north, overfolding being absent except along the extreme southern 
border. 

Northward asymmetry is practically the rule for the folds in the southern 
portion of the folded belt. In many cases this asymmetry has been carried 
So far as to become overfolding. (For the sake of simplicity, this feature will 
be referred to as “overfolding to the north” and not by the unwieldy if more 
correct phrase “overfolding to the north or underfolding to the south.”) 

Overfolding towards the north is met with along the northern flanks of 
the TLangeberg-Outenigua-Tsitzikamma range eastward from just east of 
Montagu, and along the northern fianks of the Zwartberg and Baviaans Kloof 
ranges from between Laingsburg and Prince Albert to the “poort” of the Groot 
River. 'The ridge separating the Long Kloof and the Kammanassie valley is 
also overfolded, as is the northern edge of the Couga Mountains just west 
of the Baviaans Kloof. North of the Zwartperg range, this northward overfolding 
persists into the Karroo sediments, but ends south of Prince Albert Road, 
from where the conditions gradually become reversed, the folds becoming 
asymmetrical towards the south, although no actual overfolding is met with, 
while the fiexures become feebler until they all but die out at the base of 
the Nieuweveld Escarpment. 

Thus in a section drawn northwards from the top of the Outenidua 
Mountains in the vicinity of George, the following would be met with. 'The 
contact between the 'Table Mountain and the Bokkeveld series north of the 
mountains is inverted, as is the northern contact in the case of the ridge 
separating the Bokkeveld of the Long Kloof from that of the Kammanassie 
Valley. 'The contact north of the Kammanassie Mountains, on the other hand, 
is normal ( (6), Fig. 538, p. 853). West of the Kammanassie Mountains, the 
Bokkeveld shales and sandstones along the Klipdrift River show no signs of 
overfolding from a little distance north of the contact, but descend in slow 
undulations to the Cango fault, but are covered by Enon beds before they 
reach the fault. North of the Zwartberg range, the contact between the Table 
Mountain and the Bokkeveld series is overfolded at the entrance to Zwartberg 
Pass. and this overfolding persists northward through the younger strata. 
Within a few miles immediately north of Prince Albert, the entire succession, 
inverted, from the Dwyka to the Beaufort series is found, a thickness of 8,000 feet 
of the latter being present in a narrow syncline overfolded to the north. 
North of this the Ecca series again makes its appearance and persists to 
within a few miles of Prince Albert Road. Within this distance, the overfolding 
gradually decreases in intensity until it disappears altogether, although the folds 
are still somewhat asymmetrical towards the north. Between Prince Albert 
Road and Merweville, however, in the lower Beaufort beds, the asymmetry 
becomes directed towards the south, and monocline-like anticlines make their 
appearance, with the shorter and steeper limbs facing south, while the longer 
and more gentle limbs dip north. 'These are not, however, true monoclines, 
but are very asymmetrical anticlines, and thus are no indication of tension. 
These also gradually die out northwards, all but disappearing by the time the 
Nieuweveld Escarpment is reached at 'The Kloof. (Recent and hitherto 
unpublished work by the Union Geological Survey.) 
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The conditions within the southern Cape fold-belt may, therefore, be 
Summarised as follows: 


1. 'The belt itself is arcuate in shape, as are the individual folds within 
the belt. 


The arcs are invariably concave southward. 
3. 'The folds are arranged en echelon within the belt of folding. 


The folds eshibit a general northward asymmetry in the south and 
centre, with a certain amount of inversion of the beds towards the 
north. ln the extreme north, the folds are asymmetrical towards 
the south, but to a much lesser degree than is the case with the 
northward asymmetry in the south. 


5. 'The faulted synclinorium of the Little Karroo is a very conspicuous 
exception to this northward inversion, the more so since it is situated 
between ranges which exhibit it to a marked extent. 


6. TImmediately north of the Zwartberg range, the members of the Karroo 
system not only afttain their greatest known thickness, but are usually 
represented in a very deep syncline with axis parallel to the mountains 
and with an anticline north of it which may bring the Ecca beds to 
the surface through the Beaufort series. This synclinal feature persists 
from west of Prince Albert to ihe neighbourhood of Waterford, near 
Jansenville, beyond which point our knowledge of the Karroo strata 
is not very detailed. 


The third belt of folding, ie. the eastern, was caused by the fiexuring of 
the beds up to and including the Drakensberg lavas during the Liassic 
( (6), p. 506). 'This, the so-called Lebombo monocline, may, however, also be 
a belt of folding, e.g., du Toit says ( (6), p. 505): “The preservation of synclinal 
structures in the Karroo beds along the coast between Durban and Mount 
Edgecombe and also at Port Shepstone suggests that this monocline is really 
the beginning of a series of synclines and anticlines belonging to an arc of 
folding all but concealed beneath the ocean, one that when continued to the 
south-west would meet the prolongation of the (Cape foldings in another 
“syntaxis' corresponding to that of the Western Province.” Tn view of this 
uncertainty, it is extremely difficult to form any definite opinion as to the 
method of formation of the flexure or fiexures, although possible origins of 
the forces will be discussed later. 


V. EXTERNAL OPINIONS 


In order to make this review of the (Cape oroseny as detailed an 
introduction to the problem as possible, the opinions of various geologists 
who have worked among the Cape mountains were sought. It was realised 
that, although very little has been published as to the causes of the orogeny, 
these gentlemen probably held opinions of their own, and it was hoped that in 
this way a fairly comprehensive representation of the possible views as to the 
causes would be obtained. In including their notes, I should like to express 
my indebtedness to them for the trouble they took. 

The following “Note on the Development and Origin of the “Cape Foldings'” 
was supplied by Dr. A. L. du 'Toit: 


10. 
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The important “Cape” or “Gondwanide” Foldings have never yet been 
treated as a special problem in South African geology. My own views 
are set forth in “The Geology of South Africa” and demand no 
modification that I can see. (Certain speculative ideas are set forth 
in “Our Wandering Continents” (pp. 86-89), while one further suggestion 
has been made in a paper read at Moscow, but not yet published. 'The 
only other contributions in recent years have been the several Sheet 
Explanations of the Survey (Mossel Bay, Grahamstown, ete), Mountaim's 
account of the Beaufort pebble-beds of East London (S.A. J1. Sci.,, 1939, 


XXxVvi, 164-169) and De Villiers: two papers on the Long Kloof and 
Baviaans Kloof. 


One of the most serious difficulties is the lack of knowledge concerning 
the exact dates of both the folding and faulting — of which there must 
have been several distinct phases most probably. 

The site of the folding was presumably determined by the axis of 
the “Cape Geosyncline” in which sedimentation proceeded successively 
through probably Malmesbury, Cape and the first half of Karroo times, 
thereby giving rise to an east-west zone of weakness that finally 
collapsed. 

The first compressive phase seems to have been of late Witteberg 
age and weak, indicated in the Tanagua Karroo. 

The second was apparently of lower Beaufort age and appreciable, as 
indicated by the pebble-beds of the East London area (Mountain). 
The third, which may have been the principal phase, occurred at the 
beginning of Molteno times, and was attended by great erosion from 
chains to the south-east of the Cape and marked by boulders of Witteberg 
in the Molteno grits, etc. but must have died out during the upper 
Stormberg (Rhaetic), though some further sdueezing during the Jurassic 
is not at all uniikely. 

The fourth episode was the closely related Lebombo volcanicity and 
downwarping with its attendant tension under which the Karroo dolerites 
were injected. While some simple basining of the Karroo occurred in 
Natal, Victoria County and Port Shepstone, it can be doubted whether 
there was any regular compression along the monocline, sufficient to be 
termed “folding.” 'The phenomenon resembles perhaps that of the 
Cedarberg Foldings. 

Certain of the Natal faulting is related to this — the early Jurassic — 
period, rather than to the Cretaceous, for example the Empangeni fault 
where the Turonian-Senonian passes evenly across this fracture that 
parts the tilted basalts from the granite, and where erosion had first 
of all to remove some miles of rock from the upthrow side. 

The post-lower but pre-upper Cretaceous phase, the intensity of which 
is probably far greater than generally supposed, as shown by local dips 
in the Enon up to 60o, etc. 'The overturning of some of the Cape 
strata may just have been due to this renewal of compression, which, 
superimposed on the older foldings, is naturally arcuate, with concavity 
to the south. 

Post-lower COretaceous tension with faulting running in the east nearly 
east-west — and so obligue to the folding— and in the west following 
and controlled by the more open Cape folds. 
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11. 'The main compressive phases were seemingly the second and more 
particularly the third. 'The open Cedarberg Foldings have been regarded 
by me (“Our Wandering Continents,” p. 86) as due to N.-S. com pression 
acting on a covering which overlay the basement stiffened by the Nama 
Folding (N. to N.N.W.) which would not easily crumple in an E.-W. 
direction, a phenomenon which can be demonstrated by models. 

12.  Overturning is far from uniform in the fold-belt, though invariably 
to the north when present on any scale. West of a line drawn from 
Karroo Poort to Mossel Bay it is rare. From Prince Albert eastwards 
it is duite freguent. 

13. Whether the dominant pressure came from the south, as usually 
imagined, remains uncertain, the problem being indeed bound up with 
that of the hypothetical extensions of the orogenic belt outside South 
Africa, and it is not known whether the strata have been under- or 
over-folded or -thrust. Nevertheless, as long as we confine ourselves 
to South Africa, this is not a vital matter, save that the particular 
direction will determine the precise meaning of such words as 
“foredeep,” etc. 'The principal deduction is that, in accordance with 
the evidence of orogenies elsewhere, each compressive phase would have 
been followed by upheaval and erosion of the fold-chains, and not: 
improbably by some tensions and strike-faulting as well. 


14. Accepting Continental Drift, it has been pointed out (“Our Wandering 
Continents,” p. 287) that South Africa is deduced to have moved generally 
northwards throughout the Permo-Triassic. Such could be taken as 
agreeing with current ideas of a pressure during the 'Triassic from 
the south. On the other hand, such a view is not in agreement with 
the general principle under that hypothesis that the foreland has moved 
towards the foredeep and thereby compressed the latter. 


15. In the paper read at Moscow, I have given reasons for suggesting that 
during the northerly travel Africa was set back temporarily towards the 
S. during the Triassic far enough into the Temperate Zone to give the 
fiuviatile facies of the Molteno Beds, thus giving rise to the Cape 
Foldings, after which the northerly drift was continued. 'The southern 
part of the fold zone was thereby left behind and sank. It is noteworthy 
that during the late Permian and early 'Triassic tension had actually 
developed in the northern side of Gondwana (“Our Wandering 
Continents,” p. 89). It is, however, clear that more will have to be 
done before this difficulty can be cleared up. 

16. For the present, therefore, especially in view of the remarks under 18, 
the orogenic zone could duite well be treated as though the pressures 
came from the south with overturning and overthrusting, in accordance 
With current ideas. 


Dr. A. W. Rogers was kind enough to let me have the following note, 
entitled “The Cape Ranges”: 


“The Cape Ranges are made of the pre-Cape rocks, the Cape formation 
and the Karroo formation up to somewhere in the Eeca. `Beaufort beds have 
not been recorded in the Ranges so far as I know. 1 take the structures in 
the Uitenhage beds to be a much later result of earth-movements than those 
which produced the Ranges, but they affected the same great region and will 
be mentioned later. 
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“The Cape system is about 10,000 feet thick at the greatest; T.M.S. is about 
5,000 feet thick near Ceres and Gordon's Bay, but few measurements have been 
made, and the character of the bulk of the beds together with folding makes 
measurement difficult. 'The upper shale band with the tillite at the base 
makes a good horizon for mapping, though the mapping has not been carried 
far beyond Hex River till you reached Baviaans Kloof. 'The importance of the 
upper shale band is that it allows the conclusion that a large part of the 
reduction in thickness in the series as you go north from the latitude of 
Ceres to be accounted for by lack of deposition. 'Though the tracing of the 
band to its northern end has not been carried out, it reaches the Olifants 
River about three miles south of the big dam below Clanwilliam. Probably 
the shale band rests on the pre-Cape near Matsikamma or the Kobe Mountains. 
North of that neighbourhood, the reduction in thickness northwards is due to 
erosion in Dwyka (perhaps also in pre-Dwyka) times; the final disappearance 
of the T.M.S. is well seen where the T.M.S. thins out between the pre-Cape 
below and the Dwyka above near Uithoek and the end of the Bokkeveld 
Mountains; so it (the upper shale band) is only the upper part of the T.M.S. 
that persists and is eroded below the base of the Dwyka after the Dwyka 
has passed across the Bokkeveld and Witteberg series onto the T.M.S. 

“The Bokkeveld and Witteberg series are each about 2,500 feet thick in 
Ceres and the Hex valley, but owing to the folding and the want of 
time for the measurements in our rapid surveys of the region we never got 
respectable estimates farther north or east; all we knew was that apparently 
there is no great change in thickness anywhere from the Ceres region northwards 
to the Calvinia country nor eastwards to the Zuurberg. 'There is a decrease 
in the sandy material in the Bokkeveld beds south of the Ranges and an 
increase in clay stuf in the Witteberg beds, so that the boundary of the 
two as shown on our maps is very shaky, and fossils are few, especially in 
the beds above the lower half of the Bokkeveld, and the search has been 
very limited. Obscure remains of plants from the two formations have been 
seen in hand specimens and thin slices, and they give rise to the notion that 
the Witteberg beds were not deposited in the sea, but the boundary from this 
sort of evidence is as weak as that from the other. 'The evidence of thinning 
of the Bokkeveld and Witteberg to the north of lat. 33% in the west is that 
the Dwyka tillite gets down to lower and lower horizons in that direction 
owing to want of deposition as you go north (presumably gradual from the 
top of the Witteberg downwards) and (in the same direction) erosion by ice, 
etc, in Dwyka times north of lat. 839. 

“The diagram of the N.-S. section of the Cape system and the base 
of the Karroo along the 19th meridian is intended to illustrate the conditions 
there. (This and other sections, taken from the 1: 1,000,000 geological map 
of the Union, are not reproduced here. J. de V.) 'The important points are: 


1. 'The thinning of the TM.S. northwards. 


9 'The maintenance of the Bokkeveld and Witteberg series (so far as yet 
known) until each in turn becomes thinner owing to denudation in 
Dwyka times and also to the want of deposition of Witteberg and 
Bokkeveld beds in the latter part of those periods. 


3. 'The Lower Dwyka Shales persist all round the southern Karroo from 
near lat. 330 in long. 19: (De Vallei, in what is called the Tandua 
or Ceres Karroo) to where the sea hides the Cape folds in the Peddie 
district. 'The conformity of the Lower Dwyka Shales on the Witteberg 


198 


is as good a one as one can think of where we are concerned with 
beds which are not richly fossiliferous. North of lat. 33% no one has 
yet found these shales below the tillite; there is an unconformity on 
all the beds below the tillite to the north. In the diagram, I ruled a 
line at the base of the shales as far north as lat. 3380 to indicate 
conformity as far north as that parallel; north of that the line is 
drawn waggly to indicate unconformity, and my notion is that the 
shales gradually ceased deposition owing to lack of feed under the 
reduired conditions, probably because there was uplift along the N.-S. 
belt forming what is now the western flange of the Cape Ranges, and 
that this uplift and gentle folding began before the E.-W. folding of 
the southern belt of the Ranges. We could not find the place where 
the change must be, for it is hidden under the silt, ete., of the Doorn 
River and its tributaries. 'The tillite passes down into the shales by 
loss of pebbles and the coming in of lamination gradually. 


“The dip of the Cape formation is generally steeper on the northern side 
of an anticline than on the southern, and overturns to the north are freguent; 
whichever way the thrust came, the crest of the anticline tended to travel north 
faster than the inside. 

“The four sections drawn E.-W. are for the purpose of showing the sort 
of change of folding in the western flange of the Ranges and also the decrease 
in thickness of the T.M.S. as you go north from Ceres. 'The folds get gentler 
and the belt of folds gets narrower northwards. 

“The seven sections drawn along meridians from 202-269 are for the purpose 
of illustrating the change in the folding from west to east; there is a drop 
in the amplitude of folds in that direction, and it becomes striking in the 
Zuurberg region, where the Witteberg beds are closely folded and make wide 
surfaces without strips of Bokkeveld, though there may be inliers not yet 
detected. 'The sections give a notion that at the time of folding the region 
was more deeply buried in the east than in the west, and so there was closer 
Crumpling in the east and less amplitude; but this may be a mistake, and the 
apparent difference due to the thick, strong TMS. which, although closely 
Wwrinkled (as in the Zwartberg) formed more open folds;: again, the width of 
the fold belt gets narrower towards the east and the stresses affecting the 
whole Ranges may have changed. In western country, where the N.-S. folds 
meet the E.-W. folds, and where the two groups of folds are parallel to the 
strikes of the pre-Cape folds of older date, you find diagonal ranges in the 
Gordon's Bay, Stellenbosch, Villiersdorp and Robertson districts; it seems that 
the pre-Cape rocks had strikes making nearly a right-angle, N.-$. and E.-W., 
hinging about the Tulbagh-Worcester region, and that these old strikes gave 
a bias to the folding when the great thickness of the Cape and Karroo beds 
came to be affected in Beaufort times; just as it is difficult to bend corrugated 
iron except parallel to the corrugations. 'This difference in strike affected the 
country from Namadgualand south to the Cape and east to Algoa Bay at least. 

“So far as I know, Beaufort beds are not found in the Ranges, but those 
beds have in places moderately high dips in the southern Karroo north of 
Prince Albert district. Cleavage and shearing affect all the beds up to the 
Dwyka, but Ecca beds do not seem to have suffered. 'The Stormberg beds in 
the trough south of the Zuurberg are not sheared. A noteworthy point in the 
Zuurberg region is that no dolerite intrusions have been found, though outerops 
of the volcanic rocks south of Zuurberg are only 33 miles south of the dolerite 
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of the Fish River Rand, etc. If we could only get some boreholes in the western 
part of the trough we might get information about the date of the folding 
by finding whether the Cave Sandstone is underlain by any older Karrou 
beds other than the steeply dipping or cleaved Dwyka or Ecca beds. At present 
it seems that the folding went on chiefly during the Beaufort and was finished 
by Cave Sandstone times. 

“The Uitenhage beds are evidently very much younger than the folding 
of the Ranges, for not only are great thicknesses of the Cape and Karroo 
Succession missing below parts of the Uitenhage beds, but the latter are much 
less affected by pressure. 'The pebbles in the Uitenhage conglomerates are 
commonly cracked or mutually indented or dissolved at the contacts, but they 
are not often split by jointing as are the pebbles in the northern Dwyka tillite. 
The delicate fossils in the Uitenhage beds, like ammonites and the fern-like 
plants, are not broken or deformed in my experience. 'The great faulting of 
post-Uitenhage date seems to have been an afterthought, as it were, and the 
duestion of what happened, to what extent compression combined with tension 
to produce the observed structures, or which came first when earth-movements 
affected the region of the Ranges again in the late COretaceous, is beyond me. 
I hope you will find out, but 1I agree with you when you say that in the 
Baviaans Kloof and analogous country normal faulting is the main point. 
Perhaps you are right in saying that lack of cover will explain a lot, but the 
amount of brecciation is appalling. Have you considered the effect of horizontai 
movement along the faults? 'There is evidence of such kind of movement 
along the Sugarbush fault with its varying apparent 'throw,” and in places there 
is much brecciation there, though not on the scale of Baviaans Kloof. Tn the 
small transverse faults in Heidelberg (Tvl) horizontal movement is proved 
by slickensides in places, but I never got a good slickenside on the Sugarbush 
fault. 

“Outside the fold belt, in western Clanwilliam, Piduetberg, the Cape district, 
Hangklip and Agulhas the dips in the TM.S. get low; there is a sort of fiat 
plate west and south of the fold belt, and this plate is visible as far east 
as Cape Infanta. 'The Clanwilliam folds trending west of north die out towards 
the west coast: the river-bank along the Olifants River above its mouth shows 
a wide, low anticline with a 6 foot pebble-bed at the base of the T.M.S. lying 
on Malmesbury just above water-level on the left bank of the river (the 
so-called Priems Bay). 'These western folds die out and do not go into the 
Atlantic. 

“The southern coast cuts across the fold belt at a low angle to the strike 
east of Agulhas, increasing to a difference of 20% at Infanta and 30% at the 
mouth of the Kowie. From where the Cape formation goes out to sea near 
Waterloo Bay to where it lands again near St. John's, there is a stretch of 
180 miles we know nothing about: so we cannot compare the eastern fiange of 
the fold belt with the western about Ceres and find out whether the disappearance 
of the Bokkeveld and Witteberg in the east happens in the same way it does 
in the west. 'The coast west of Agulhas as far as Hangklip obviously cuts the 
strike of the folds. 'This all means that the southern coast of South Africa 
is not parallel with the southern folding, and the 100 fathom line of the 
Agulhas Bank departs still farther from the strike of the folding.” 
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VI. ANALYSIS OF THE DIASTROPHISM 
A. THE AGES OF THE FOLDING 


The folding of the three hbelts of Cape rocks was not accomplished 
simultaneously or by means of only one compressive phase each. 'The fiezuring 
commenced in the west and from there progressed in stages eastwards, each 
successive phase of Yfolding in the south and east probably affecting 
simultaneously the belt in the west. 

The first period of folding was probably weak and affected only the western 
belt (cf. Dr. du Toits note above, paragraph 4). 'The age of this period of 
diastrophism can be determined fairly accurately from the fact that the 
Witteberg beds near the Tandua River show signs of folding before the deposition 
of the Dwyka tillite ( (6), p. 505). Thus movement must have commenced as 
far back as the middle Carboniferous in this section, but, since both the 
Dwyka and Ecca beds in this section have been affected by folding along parallel 
axes, the movement must either have extended into or have been renewed by 
the Permian at least. 

The second period of folding is noticeable near the eastern extremity of 
the southern belt (Dr. du 'Toit's note, paragraph 5). It was probably an 
appreciable movement; and a lower Beaufort (upper Permian) age may be 
ascribed to it. 

The third, and most important period of compression, must have been 
jnitiated in pre-Molteno times, as is indicated by the following: 


1. The Molteno beds thin out northwards. 


2. Boulders derived from the Cape system, notably from the Witteberg 
series, are to be found in the Moltenc beds of the Stormberg series 
(upper 'Triassic). 


3. lLavas correlated with those of the Stormberg (Rhaetic to Lias) are 


found south of the Zuurberg, where they rest unconformably on Cape 
and early Karroo strata. 


Tt is evident, therefore, not only that the bulk of the material composing 
the Molteno series was derived from the south, but also that the Cape system 
contributed materially towards the composition of this series. Accordingly, the 
rising mountains must have been stripped by erosion of their covering of Karroo 
rocks by the upper 'Triassic and the Witteberg series exposed. 'This is further 
Supported by the third point. An early to middle Triassic age is, therefore, 
indicated for the main compressive phase, although compression may have 
been maintained, but to a lesser extent, into the upper Triassic (cf. Dr. du Toits 
note, paragraph 6). 

The fourth episode was the fiexuring of the eastern belt during the Liassic 
(Dr. du Toit's note, paragraph 7). Compression has, however, never been proved 
along this belt: the fiexuring may be the outcome of tension which gave Tise 
to downwarping and ultimately to the iniection of the Karroo dolerites. 

Both du 'Toit ( (6), p. 508, and par. 9 in his note above) and Schwarz 
(10 and 19) state that there was a renewal of folding after the deposition of 
the Enon beds, giving as evidence the presence of high dips in these beds 
in various localities. 'Thus du Toit (loc. cit) gives examples of dips of from 
100-950 in the Swellendam-Heidelberg and Oudtshoorn basins, 45% near 
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Uniondale Road, and up to 50% between Sapkamma and Cockscomb Stations. 
In the Baviaans Kloof (3) high dips are common in these beds, dips of 299, 
430 and even 52% being measured. Such dips, however, are invariably directed 
towards the north, i.e., towards the fault, and otherwise no nlications attributable 
to folding were noticed. All departures from the horizontal in the Enon beds 
may, therefore, be explained by the faulting with its resulting northward tilting 
of the downthrown strata. In this connection it is important to note that 
in the only mass of Enon beds unaffected directly by faulting, viz, the 
Zandfontein-Oudeberg occurrence just west of the Baviaans Kloof, high dips 
8re non-esistent, the strata lying for the most part horizontal, though a 
maximum northerly dip of 40: was measured in the central portion. According 
to the suggested method of faulting ( (3), p. 155), these high dips in the Enon 
beds could have been produced by the faulting alone, and no post-Enon period 
of folding need be supposed, the more so since no true folds were encountered 
in the Cretaceous beds. 'This deduction is further supported by Dr. Rogers 
remarks in his note above. It is, therefore, considered as unproven that there 


was any important compressive phase in the southern Cape during the 
Cretaceous. 


B. THE OROGENIC FORCES 


Before attempting to put forward suggestions as to the force or forces 
that caused the orogeny, it is advisable to summarise the conditions within 
the gseosyncline immediately before its deformation, as well as the more 
important known facts to be collected in the Cape ranges to-day and which 
are of importance to us in our attempt to deduce the origin of the forces 
that gave rise to these mountains. 


1. 'The pre-Cape strata had been folded along two lines: one trending 
N.N.W. along the west coast and the other nearly E.-W. along the south 
coast. lsoclinal folds were produced in the western flange, but the 
folding appears to have decreased considerably towards the east in 
the southern belt. 


9 'These two tectonic lines met in a region of syntazis jn the 
Worcester-Ceres area. 


3. While the folding was in progress, the strata were intruded by a 
granitic magma. The intrusion took the form of several large batholiths 
with smaller protuberances rising to greater heights. 


4. Both the isoclinal folding in the west and the granite massifs in the 
west, south-west and south would greatly alter the local competence 
of this pre-Cape foundation. 


5. 'This orogenesis and magmatic activity was followed by a period of 
crustal stability, during which a nearly perfect peneplain was produced 
in the west and south-west and which probably extended in the east 
to the vicinity of Algoa Bay. 


6. Depression of this peneplain caused the incursion of a sea from the 
south. 'This depression represents the initiation of the geosynclinal 
phase. 

7. 'The conditions of deposition within this geosyncline were successively: 
shallow marine; deeper marine; estuarine; lacustrine; and swampy with 
patches of temporary dry land. 


10. 


ill 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 
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At no stage could the surface have been much above sea-level, yet 
at least 95,000 feet of sediments were collected. It is, therefore, 
necessary to suppose that the geosyncline was sinking while deposition 
was taking place. 

The deepest known part of the geosyncline was situated just north 
of the present E.-W. Cape ranges. In addition, it is probable that the 
structure as a whole sloped at a low angle towards the east (DT. Rogers' 
note, and recent unpublished work in the Southern Karroo by the 
Union Geological Survey). 

The deformation of the sediments in the geosyncline took place in 
at least four stages: j 


a. A weak middle Carboniferous pulse that affected only the western 
belt. 
b. A stronger upper Permian pulse, noticeable in the east. 


c. 'The early to middle Triassic pulse that ended the geosynclinal phase 
in the south, although it persisted in the east and north-east 
where the Stormberg sediments were collected. 


d. 'The Lebombo fiexuring during the Liassic, which destroyed the last 
remaining portion of the geosyncline. 


As a result of these pulses, there were produced three lines of folding: 
one in the west (the Cedarberg Foldings) striking S.S.E. from near 
Van Rhynsdorp; one in the south (the Cape Foldings) striking E.-W.; 
and one in the east (the Lepombo Monocline) striking $S.S.W. 


The first two meet in a region of syntaxis in the Worcester-Ceres area; 
the last two must meet in the Indian Ocean east of Port Alfred and 
south of Port St. John's. 


It is remarkable how the post-Cape foldings in the west and south 
coincide in both strike and position with the pre-Cape foldings mentioned 
ja 1) amde 2). 


The folding in the western fliange is relatively open, more especially 
in the north. 


In the southern belt the folding is more intense, northward asymmetry 
being practically general (Rogers), while overfolding towards the north 
is fairly common. 


The fold-axes in the southern Cape ranges are arcuate as a whole 
and individually, the concave side facing south. 'The fold-axes ezhibit 
a general en echelon arrangement. 


It is not certain that folding took place along the Lebombo azis: it may 
be simple downwarping resulting from tension. 


During the Rhaetic and Liassic, large volumes of igneous material were 
injected into the sediments, some of it reaching the surface, north and 
east of the first two lines of folding. This volcanic activity (the 
Drakensberg lavas and the Karroo dolerites) continued during the earlier 
stages of the formation of the Lebombo monocline. 


During the mid-Cretaceous, the southern Cape was subjected to intensive 
normal faulting. These faults usually occur just south of the axis of 
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an anticline asymmetrical towards the north, and the downthrow is 
almost invariably directed towards the south. 


20. During the Tertiary, there occurred a very important elevation of the 
land relative to the sea, to the extent of at least 1,400 feet ( (3), p. 158). 


The problem of the force or forces that produced the diastrophism is really 
twofold: we have to solve not only the duestion as to the direction in which 
these forces acted, but also their cause. In his note cited above, Dr. du 'Toit 
in the last four paragraphs considers the direction of application of the force, 
with special reference to Continental Drift as the cause of the pressure. As 
he does not express any definite opinion, the problem still remains open and 
an attempt will be made here to put forward a theory capable of solving it. 

In his Presidential Address before the Geological Society of America (8), 
Lawson has proposed a theory which appears to be capable of being very 
successfully applied to the problem of the origin of the Cape mountains. It 
will, therefore, be discussed at some length. 

In discussing the Lewis thrust on the eastern side of the Canadian and 
U.S. Rockies (540 miles in length), Lawson makes the following points 
(op eit pp 256-257): 


1. We all know that the Rocky Mountains of Alberta and Montana represent 
a zone of crustal deformation developed at the western side of what 
had been the Cretaceous epicontinental sea. 'This sea was characterised 
by a progressively deepening trough adjacent to the continental margin, 
which was an inheritance from Paleozoic times ....At the end of 
Cretaceous time, there had accumulated in this trough an enormous 
thickness of sediments derived from the land to the west. McKenzie 
states that the ageregate thickness of strata Tranging from the 
pre-Cambrian to the end of the Mesozoic is 40,000 feet, and that during 
this accumulation there was no pronounced deformation, but only slight 
oseillation of the region. It was the collapse and uplift of this trough 
that gave rise to the Rocky Mountains of Alberta and Montana, which 
thus obey the long-established orogenic law that great ranges are 
built out of geosynclines laden with excessive sedimentation at 
continental porders. 


9. 'The collapse of the Laramide trough, though genetically related to the 
subsidence and sedimentary loading, was a Trelatively sudden event. 
It did not proceed gradually, or “pari passu,” with the sinking and 
filling, but occurred when the process had reached a certain critical 
limit. 'The collapse represents a crisis in the local stresses of the earth's 
crust, whereby they were duickly and almost wholly relieved in one 
direction, namely, normal to the zone of deformation, or to the 
elongation of the trough. 


3. 'This relief was effected by a shortening of the arc of the earth indicated 
by folds and thrusts. 


4. 'The direction of apparent overthrust is towards the basin of excessive 
sedimentation. 


5. 'The shortening of the arc is not compensated by any gaping of the 
crust on either side of the zone of deformation. 
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It should be noted that these points can be applied almost word for word 
to the southern Cape mountains: indeed, points very similar to those just 
guoted have already been made in their case. 

Before proceeding to formulate his theory of orogenesis, Lawson makes 
two assumptions, both of which are fairly generally endorsed by geologists: 


a. 'That the doctrine of isostasy is a true doctrine. 


b. 'That there esists in the eartirs crust “a primary, pervasive, tangentially 
compressive stress” (p. 257). 


He then proceeds to state his orogenic theory as follows (pp. 257-258): 


“Tn time antecedent to the close of the Cretaceous, an immense load was 
transferred by erosion from the land area west of the present Rocky Mountains 
to the floor of the sea on the east, and there was a concentration of this load 
in the Laramide trough. 'This transfer nmecessitated isostatic compensation. 'To 
permit the progressive development of the trough, there was an outflow of 
rock from beneath it. 'This flow in depth must have been towards the region 
that was being unloaded; so that the continental margin supplying the sediments 
rose progressively as the floor of the trough sank. 'The deep rock-flow tended 
to carry the crust above the zone of flowage with it and generated a stress, 
or pressure, from the east, in addition to the pre-ezistent primary stress. As 
the sea-floor to the east of the trough was also sinking, though less rapidly, 
that region would contribute to the rock-flow. Before the close of the Cretaceous, 
this resultant stress appears not to have been effective for deformation, and 
it was probably within the elastic limits of the crust. Certainly no observable 
effects can be ascribed to its operation. 'The crust above the zone of flowage 
was thick enough and strong enough to witihstand the primary tangential 
compression even when this was reinforced by the drag of the rock current 
beneath it; but when, by continued subsidence, the layer of brittle rock between 
the zone of flowage and the sediments was sufficiently reduced in thickness, 
it became suddenly incompetent. 'This was the crisis of a prolonged process. 
The limit of competence having been reached, the floor of the trough collapsed 
horizontally, and with it the contents of the trough. 'Thus a great orogenic 
movement was inaugurated, involving shortening of the crust, by thrusting, 
in the massive rocks below, and folding, followed by thrusting, in the stratified 
rocks above. An essential feature of the foregoing hypothetical mechanism is 
that, when this competent rock below the trough is depressed into the zone 
of flowage, it becomes thereby incompetent and proceeds to flow with the 
current. In this way the competent rock below the trough becomes thinner 
and thinner till the critical thickness is reached at the moment of collapse.” 


Tt should be noted that Jeffreys, arguing along mathematical lines, arrived 
at a similar general conclusion for the conditions governing the formation of 
large mountain systems. He says ( (7), p. 200): 

“Tt appears, therefore, that for them (large mountain systems) we must 
adopt the second alternative, that they are bounded by faults, thrusts, or other 
regions of yield, formed during their development or soon after.” 


Applying Lawsom's theory to the Cape orogeny, it would appear that in 
the mid-Carboniferous already there was some yielding of the surface rocks 
owing to the plunger effect of the collapsing geosyncline. 'This, however, affected 
only the western end of the trough, where folding took place at right-angles 
to its axis, probably, as has been suggested by both Dr. du Toit and Dr. Rogers, 
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because the existing trend-lines in the pre-Cape in that region controlled the 
expression of the folding. 

The two collapses during the upper Permian and the Triassic affected mainly 
the southern margin of the geosyncline, but must have intensified the flexures 
produced in the west during the Carboniferous. In the southern belt the 
expression of the folding was infiuenced not only by the existing trend-lines 
in the pre-Cape, which were roughly E.-W., but also by the granite massifs 
which formed rigid nuclei. Around these massifs, of which that near George 
is the most important, the arcs of the folds wrapped themselves. It may be 
suggested here that another buried mass, of which the Baviaans Kloof occurrence 
may be an ofshoot, may exist to the east of the George batholith. 'The strike 
of the Van Stadens mountains and the Elandsberg suggests its presence. 

On page 258 of his paper, Lawson says: '.... the primary tangential stress 
is the chief force concerned in the collapse .... the chief function of the 
rock-current due to isostatic compensation is to create a condition favourable 
for the operation of the primary stress, to determine a zone of incompetence 
incapable of withstanding that stress.” It is evident, however, that the rock- 
Current itself must exercise a not inconsiderable force and, therefore, the two 
(the primary tangential force and that due to the rock-current) must together 
act as a shearing couple, the former acting in a plane above the latter. In 
the Cape ranges this has produced the asymmetry and the overfolding towards 
the north, the southern limbs of the anticlines being pushed north while the 
northern limbs were pushed underneath them and southwards. 'This should 
produce tension in the southern limbs just south of the axial pianes. 'This 
point will be further elaborated in the section devoted to the faulting. 

From the above it may, therefore, be deduced that the primary tangential 
stress acted more strongly in a northerly direction, i.e., in the opposite direction 
to that taken by the rock-current, but not in the same horizontal plane with 
it. 'This may perhaps to some extent be due to the fact that the stress resulting 
from the rock-flow presumably inclined to the horizontal, would, on encountering 
the relatively frmly rooted George granite massif, develop a horizontal component 
opposite in sign or direction to the original stress. 'This would co-operate with 
the primary stress. On the other hand, the greater effectiveness of the northward 
operating primary stress may be due to the postulated southward drift of 
the African continent during the 'Triassic (cf. paragraph 15 of Dr. du Toits 


note above). 


C. THE FAULTING 


As has been stated, the southern Cape was subjected to intensive normal 
faulting during the mid-Cretaceous. 'These faults, while appearing to follow 
the strike of the fdlds, generally transgres across them being, therefore, in 
reality “tear” faults ( (6), p. 507). Furthermore, they all exhibit a southward 
tendency in the east, e.g, the Zuurberg, Gamtoos and Uitenhage faults. In 
the case of all the major faults, the downthrow is towards the south. 

This faulting is also capable of explanation by the application of Lawsom's 
theory, as has already been hinted. 1t was pointed out that, under the postulated 
method of folding, namely by means of two shearing stresses acting in almost 
horizontal planes, the greatest tension is to be expected along the southern 
limbs of asymmetrical or overfolded anticlines, just south of their axial planes. 
Tn the same way as the southern margin of the geosyncline was capable Of 
bearing the stress up to a certain point, when the collapse took place relatively 
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suddenly, so the strata were able to remain in this state of tension even after 
the great 'Triassic pulse. Since the faulting only took place during the 
mid-Cretaceous, something must have occurred during the interval that supplied 
the last straw. 'This is taken to have been the tension that produced the 
Lebombo flexuring and the eruption and intrusion of the Drakensberg lavas 
and the Karroo dolerites. 

Scholtz has said that: “A consideration of the petrological characteristics 
of the rocks constituting the Mount Aylif Intrusion (regarded as a unit) 
leads one to the conclusion that the injection of the basaltic magma was 
accomplished in stages in an area undergoing subsidence. 'The weight of the 
overlying sediments brought pressure to bear on the underlying magma reservoir, 
and induced the basalt to rise along issures formed in the subsiding Karroo 
Syncline” ( (10), p. 202). Later he says that: “There are reasons to believe 
that it (the Mount Aylif intrusion) resulted from at least two (in all probability 
more) successive and almost synchronous magmatic impulses” (op. cit, D. 208). 
Evidence from the petrology of the Paardekop Sill (investigated by Murray and 
de Swardt (9)) as well as the investigations of Poldevaart seem to point to 
analogous injections in other parts of the Union. 

Since the downwarping along the Lebombo monocline is considered to be 
the result of tension, and since this downwarping was intimately bound up 
with the great volcanicity (Dr. du Toits note above, paragraph 7), it is thought 
that this tension also materially helped in the production of the fissures along 
which the magma rose. From the foregoing it appears that the magma must 
have risen in several successive impulses; therefore, the tension must also have 
been not regular but attaining maxima and minima of intensity. 'This tension 
must have acted at right-angles to the Lebombo monocline, ie. almost normal 
to the present Natal coast, and it is thought that its origin is to be found 
“in the final breaking up of Gondwanaland” ( (6), p. 507). 

In his book “Our Wandering Continents,” du Toit gives in his Fig. 12 (p. 96) 
2a representation of the growth of the channel formed down the east coast 
of Africa by the drawing away of Madagascar and Antarctica, the commencement 
of this withdrawal apparently being in the early Jurassic, but being completed 
only in the Oretaceous. 'This withdrawal could have been accomplished only 
by faulting and was bound to have exercised tension on the African continent, 
more especially in the coastal region. Not only would the actual breaking 
away produce tension, but the forces that caused the drifting would themselves 
affect the African mainland. It is thought that this tension could have produced 
the Lebombo downwarping during the Liassic, and thus the intrusion of the 
vast masses of magmatic material. 

Returning to the southern Cape folds, it is evident that the strain along 
their northern margin would have been greatly relieved by the eruption and 
intrusion and probably by the Jurassic peneplanation to which the region was 
subjected. 'There was, however, no such relief due to the first cause in the 
South, but instead an added tension due to drifting. 'The result of all these 
accumulated strains was that the strata snapped during the mid-Cretaceous, 
when the channel down the east coast had reached the southern Cape, and 
this snapping took place at the position of greatest tension, i.e., just south of 
the crests of the major asymmetrical anticlines. 'This phenomenon is 
exceptionally well illustrated in the case of the Cango fault north of Oudtshoorn 
and farther east, and by the Baviaans Kloof fault. Since the strain had 
already been relieved on the northern side, it was the southern side that 
dropped. It is noteworthy that the Baviaans Kloof fault shows signs of 
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gravity faulting, which would be expected if the drifting removed the support 
on the seaward side ( (3), D. 155). 

The removal of support, however, commenced in the north, the faults there 
being of early Jurassic age, and then proceeded southward, Madagascar and 
Antarctica drifting some way off before the fracture reached the southern Cape. 
Therefore, the tension produced was not even, thus giving rise to the “tear” 
nature of the faults and probably, too, to the southward turn observable at 
their eastern extremities. 

The tension, therefore, appears to have consisted of two components acting 
simultaneously: one acting from the south-east and caused directly by the 
breaking away of Antarctica, and a second, and possibly in places stronger, 
component from the south or slightly west of south, caused partly by the 
direction of drift of both Madagascar and Antarctica, which was almost due 
South, and partly by the pivoting of the then joined Madagascar-Antarctica 
mass on a point situated somewhere to the south-west of the Cape, as seen 
in the gradual formation of the fracture along the east coast of Africa from 
the north southwards, and the more rapid separation of the masses in the 
north ( (5), Fig. 12, p. 96). 'The interaction between these two lines of tension 
would be sufficient to cause the change of direction of the faults in the east, 
where the faults even sometimes cut across existing trend-lines, e.g, the 
Uitenhage fault in the case of the Elandsberg and the Van Stadens Mountains.- 
1t is obvious, however, that the existing direction of the folds largely infiuenced 
the directions taken by the younger faults. 


D. THE TERTIARY ELEVATION 


Subseguent to the fracturing, there was again a period of crustal stability 
indicated by the 'Tertiary panplains. 'Thereupon followed the late-Tertiary 
elevation. 'The cause of the elevation is difficult to determine, but it may be 
suggested that, after the coast-line faultiing that accompanied the breaking 
up of Gondwanaland had been accomplished, the edge of the continent would 
tend to rise, in similar fashion to the “pseudo-arching” described by du 'Toit 
in connection with the rift valleys ( (5), pp. 250-252). 'That such rising of 
the edge of the continent along “hinge-lines” almost surrounding the 
Kalahari actually took place, has already been determined ( (4), and (6), p. 508). 
This rising du Toit attributes partly to the return to isostatic eduilipbrium and 
partly to the influence of the “paramorphic zone” and, under the latter, one 
would expect to find a backward tilting of the southern African continent, as 
he himself states ( (5), D. 252). Proof that this tilting did take place and actually 
was backward, ie, directed inland or away from the sea, has already been 
forthcoming ( (3), p. 159). 
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ABSTRACT 


Four stratigraphical subdivisions are recognised in the Cretaceous 
sediments of the Oudtshoorn area, being in ascending order as follows: 
the Lower Red Enon conglomerate the Small-pebble conglomerate, 
the Enon Sandstone and the Upper Enon red beds. 'The distribution, 
inter-relationships and lithological characteristics of these divisions are 
described. 

The relation between the Oretaceous and Cango beds was found 
to be a tectonic one. 

The hbasin of deposition of the (Cretaceous sediments was 
pre-determined during the Jurassic erosion cycle, but finally established 
during the Jurassic-Cretaceous uplift. Differential depression ensued, 
followed by deposition in the Oudtshoorn basin. 'The relation between 
the depositional surface and the covering sediments is also briefly 
discussed. 

It is also attempted to reconstruct the sedimentational milieu 
during (COretaceous deposition. The climate proves to have been 
semi-arid and oxidation prevailed. 'The concept of a mass production 
of sediments, a mass transportation and mass deposition is suggested. 

Cross-folding resulted in the isolation of the Oudtshoorn basin from 
the depressions to the east, while faulting caused the deepening of the 
basin itself. A rejuvenation of sedimentational processes took place, 
giving rise to the Upper Enon red beds. 
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1 INTRODUCTION 


Prior to 1940, attention was primarily focussed on various isneous and 
sedimentary rock units in South Africa and a great deal was accomplished in 
this direction. Meanwhile, however, the investigation of the Continental 
Division of the Cretaceous System was given little attention. 'The pioneer 
geologists of this country discovered Cretaceous rocks along the southern and 
South-eastern margins of the continent, almost a century ago. The marine 
facies of these sediments in the Uitenhage area was classified as early as 1854 
by Atherstone. Very little attention, however, was paid to the continental facies, 
particularly in so far as the depositional and environmental milieu of these 
sediments were concerned. 

In this investigation an attempt has, therefore, been made to obtain a more 
detailed knowledge of the stratigraphy of these sediments, their depositional 
structures, the origin of the materials which make up the deposits and their 
agricultural significance. Finally this study is intended to correlate the evidence 
regarding the origin of the surface of deposition and the relation of this surface 
to the covering sediments, with the ultimate view of reconstructing the 
conditions of production, transportation and deposition of the local Enon 
sediments. 
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IN. DISTRIBUTION AND PHYSICAL FEATURES 


The major outcrops of the Enon deposits in this area, are confined to what 
we may call the Oudtshoorn basin — an intermontane lowland hemmed in DY 
structural barriers. The northern rim of the basin is defined by the Swartberg 
Range. 'The southern border is constituted by the Rooiberg-Gamka-Outenidua 
elevations. Eastwards the northern and southern flanks converge, though 
separated by the east-west trending Kamanassie Range. 'The eastern flank is, 
therefore, not transverse to the trend of the basin. 'Topographically the basin 
extends eastwards along the Olifants River valley. 

In this depression, the Cretaceous deposits form a continuous west-east 
outerop from Calitzdorp to De Rust, a distance of 56 miles. In the north the 
deposit is faulted down against the Cango formation. In some localities, however, 
viz. Buffelskloof and Schoemanshoek, the fault-scrap is strikingly determined 
by a harrow outcrop of T.M.S. reposing with high inclination on the Cango 
peds. North of this topographic prominence, extends a bush-clad and rugged 
expanse of Cango rocks. 

In striking contrast with this type of landscape, the Cretaceous deposits 
immediately south of the fault-line build a softly undulating and bush-clad 
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Country. 'The most prominent bush types are the typical pruimpos, speKpoom 
and ghwarrie-bos, contrasting with various kinds of succulents so abundantly 
present in this area. Further south towards the Olifants River, the country 
not only becomes covered with short bush and succulents, but from Calitzdorp 
to Le Roux the presence of flat-topped, pebble-ecovered hills of Enon sandstone, 
postulates the existence of a post-Cretaceous erosion surface Subseguently 
dissected. South of the Olifants River, the landscape is inclined to become hilly 
again. Both in the west and east, the confining barriers are built of TMS, 
producing a barren and rough landscape. 


HI. STRATIGRAPHY OF THE CRETACEOUS BEDS 


The Cretaceous sediments in the Oudtshoorn basin permit the following 
subdivision, being in ascending order as follows: 


(1) The Lower Red Enon conglomerate. 
(2) Small-pebble conglomerate. 

(3) 'The Enon Sandstone. 

(4) 'The Upper Enon red beds. 


(1) THE LOWER RED ENON CONGLOMERATE 


As shown by the geological map of the area under discussion, the Lower 
Red Enon conglomerate constitutes the southern-most occurrence of Cretaceous 
sediments in the Oudtshoorn area, giving rise to the unmistakable red hills 
immediately south of the Olifants River. Commencing at the western corner 
of the Oudtshoorn basin, these basal beds are present on Gamka-west in a 
subsidiary tongue of Cretaceous deposits, between the confining ridges of the 
Sandberg in the north and the Rooiberg in the south. Reposing on eastward 
dipping Bokkeveld shales which fl the syncline between the above-mentioned 
anticlinal ridges, the deposit presents a conglomerate in which shaly and 
duartzitiec pebbles are cemented by a red hematitic cement. In some places near 
the contact, what may be termed a small-pebble conglomerate is to be found. 
The conglomerate consists almost wholly of small elongated and #flattened 
pebbles of shale, also containing an occasional and poorly rounded pebble of 
a dense duartzitic nature. 'This basal unit also discloses crossbedding to a 
marked degree; as a matter of fact, the sharply bevelled edges of the stratified 
units suggest local unconformities on a small scale. 

The conglomerate which is encountered a little higher up in the succession 
is also invariably reddish in colour, but the shale-pebbles are much larger, 
duartzitic pebbles are much more abundant and even poorly rounded pebbles 
of white vein-guartz are to be seen. In the direction of dip which is invariably 
low and towards the east, the conglomerate changes to a small-pebble shale- 
conglomerate in which conspicuous red sandstone lenses are beautifully 
developed and which conform with the general direction of dip of the 
conglomerate. A mechanical analysis of the conglomerate yields the following 
(see also Fig. 8, graph 1, page 229): 


Fe,O, - cement “5 566 
(ha 3 2.4 
(3 - 6) 54 DU 
(6 - 20) Ma) 61.0 
(20 - 30) 2 alle) 11.8 
(30 - 60) MO 6.4 
(60 - 120) : 45 4. 
(— 120) 2 WS) 7.8 
100.8 99.8 


Though the colour of the conglomerate is chiefly reddish, slight variations 
to a deep brown colour are not uncommon. Peculiar and extraordinary variations, 
in which case a reddish colour may give way to a greenish-grey one in a very 
abrupt and sharp manner, are also encountered. Because of its local nature 
and the fact that the transition from red to greenish-grey does not conform 
with the bedding-planes, this colour may be explained as being of secondary 
origin, probably the result of leaching. , 

In the stretch of country immediately east of the tongue of basal Enon 
between the Sandberg and the Rooiberg, no outcrop of Enon is to be seen. 
This locality forms a part of the alluvial flat of the Olifants and Gamka Rivers, 
upstream of their confiuence. 'The Enon was apparently denuded and 
subseduently covered by alluvium. Between Nooitgedacht and Armoed, the 
basal Enon is again seen in prominent outerop giving rise to a very characteristic 
surface. 'To the south of Nooitgedacht the Enon partly rests on TM.S. and 
partly on Bokkeveld shales as indicated in Fig. 2. 


Gamka Bill 


Enon. 
Bokkeveld. 


Fig. 2. Diagrammatic sketch illustrating the nature of the basal contact of the 
Enon at Nooitgedacht. 


Where a study of the conglomerate in a vertical section is possible, it is 
seen that the basal division of the succession yields a red conglomerate formed 
of Bokkeveld shale-pebbles and 'T.M.S. boulders. Upwards in the succession, 
the percentage of Bokkeveld pebbles gradually decreases until small flakes of 
shale are encountered only in the spaces between large T.M.S. boulders, which 
measure up to one yard in greatest diameter. Although there appears to be 
no definite rule governing the stratigraphic distribution of large and small 
constituents, it appears that the larger boulders and cobbles are restricted to 


*) These figures indicate the number of holes per linear inch. Tn the second column 
the amount of He o -cement has been disregarded. 
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certain zones in the succession, Which as a whole dip at a low angle varying 
from 4-80 towards the north. In that direction the slope of the land 
Surface coincides approximately with the dip of the underlying conglomerate. 
The bleached pebbles on the surface give a whitish appearance to the basal 
Enon conglomerate from afar. 'The Red Enon conglomerate does not only 
become paler as one ascends in the unit, but it also gradually assumes the 
characteristics of a grit consisting chieily of small greenish flakes of shale. 
In addition, a clayey band of a few feet thick Ccontaining clusters of gypsum 
Crystals, is to be observed in this unit. 

The succeeding outcrop of conglomerate which fringes the southern bank 
of the Olifants River at Nooitgedacht, is still paler in colour. 'The constituent 
pebbles are poorly sorted, varying in size from a fraction of an inch to just 
over one foot in greatest diameter, some of the pebbles being distinctly 
sub-angular. Numerous short lenses of white sandstone are also found dispersed 
in the conglomerate. 

The alluviation by the Olifants River in close co-operation with the Moeras 
and Kandelaars Rivers, conceals the outcrop of Red Enon immediately to the 
south of the railway siding of Armoed. South of Oudtshoorn, however, the 
basal Enon is again displayed in all its grandeur. Reposing directly on Bokkeveld 
shales, more or less the same seguence is encountered as in the vicinity 
of Nooitgedacht. In some places, however, the conglomerate possesses less 
cement and irom the peculiar arrangement of the flattened and well-rounded 
cobbles, it is possible to deduce with a certain amount of accuracy the direction 
of movement of the original depositing currents. 

The directions of these currents seem to have been highly variable but 
at least one of the currents operated in a north-westerly direction. 

In this locality, south of Oudtshoorn, a white-coloured conglomerate horizon 
is also present, while lenses of white sandstone are again present in the coarse 
conglomerate. Such a lens of white sandstone from Bakenskraal yields the 
following mechanical analysis and integral graph. (Fig. 8, graph 38, page 229.) 


(ss Ao) 9 AL 
(30 - 60) : 50.2 
(60 - 120) : 294 
(120 - 250) : 6.0 
(EE 0) Sa 


In the Klip River valley, along the railway line to George, some beautiful 
exposures of the unconformable contact between the basal Enon and the 
Bokkeveld shales are displayed. In this basal horizon, not a single pebble of 
TMS. was observed, the deposit consisting wholly of a collection of shale- 
pebbles varying in size from a #raction of an inch to 10 inches in greatest 
diameter. 'These pebbles generally possess two flattened sides, the planes of 
flattening being determined by the directions of cleavage in the Bokkeveld 
shales. All these pebbles are cemented by hematite forming up to 7.6% by 
weight of the conglomerate. 


Mechanical analysis: 


(ses 18) 3.5 
(12 -8) 3.3 

(3-6) TES 
(6 - 20) 42.9 


(60 -120) : 58 
(— 120) : 6 


99.9 
See also graphical representation (Fig. 3, graph 4, page 229). 


A little higher up in the succession the conglomerate contains T.M.S. pebbles, 
the percentage of which increases rapidly though not progressively, as one 
ascends in the horizon. In this locality, a clay band containing small clots 
of finely crystalline, powdery gypsum as well as well-developed gypsum crystals, 
is also encountered. 

From this locality eastwards, the basal Enon forms a topographic prominence 
which trends approximately parallel to the Olifants River, passes the Kamanassie 
irrigation scheme on its northern side, and then sends a projecting spur along 
the southern edge of the Kamanassie ridge. (See map.) As compared with 
its western edguivalents, the conglomerate seems to consist of boulders and cobbles 
which are less rounded, some being in fact distinctly angular. 'The conglomerate 
consists almost wholly of 'T.M.S. constituents and some very interesting 
depositional features are to be seen in this locality. (See Ph. 11, 9, 4) 

Gritty and sandstone lenses of reddish colour are not infreguently overlain 
by a conglomerate consisting of boulders which may be almost one foot in 
diameter. These boulders are generally very well-rounded and not uncommonly 
show chatter-marked surfaces. ln several outcrops, the sandstone and gritty 
lenses are peculiarly distributed amongst the enveloping conglomeratic units; 
by studying the accompanying photographs one observes the characteristic and 
rapid attenuation of these lenses as well as the fact that they abut sharply 
against the conglomeratic facies. Even the planes of stratification in the lenses 
are seen to end abruptly against the conglomerate. 'These features seem to 
find their replicas in present-day continental sites of deposition where sandstone 
lenses may be transversely dissected and where deposition of coarse materials 
may then take place in such newly formed channels; in other words, it 
embraces the idea of a local unconformity. lImmediately north of the 
Kamanassie irrigation scheme, similar features are observed. Here red sandstone 
lenses alternate unconformably with composite layers of sediments. 'These 
composite layers not only contain red conglomerate lenses, but red lenses of 
Sandstone may also alternate with light-coloured ones while blue argillaceous 
Seams are not uncommon. (See Ph. 8) 

A covering of talus deposits from the Kamanassie Mountain at Dysselsdorp, 
obscures all features worthy of study in the basal Enon of that area. Immediately 
south of Le Roux the basal Enon is again exposed and here it is found skirting 
the northern slopes of the Kamanassie Mountain. Generally, the conglomerate 
consists almost wholly of T.M.S. boulder, cobble, pebble and granule constituents, 
all being poorly rounded. It, however, still retains its reddish colour and dips 
at angles varying irom 10-14 towards the north. 
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At Middelplaas the Bokkeveld shale-pebbles constitute a considerable 
percentage of the conglomerate, while higher up in the succession these small 
Bokkeveld constituents co-operate with ferruginous sand and granules to form 
the matrix of the conglomerate which consists mainly of T.M.S. boulders. 

About 4 miles east of De Rust, the basal Enon conglomerate abruptly comes 
to an end. The exposed T.M.S. at this locality shows marked effects of crushing 
as a result of which original bedding-planes are completely obliterated. In fact, 
this locality marks the axis of a cross-fold striking approzimately north-south. 
To the east of this cross-fold (about 5 miles from De Rust), basal Enon is 
again exposed forming a conspicuous landmark and dipping at an angle of 
more than 380% to the east (observed but not mapped). 'The conglomerate too, 
is so severely crushed that it is indeed difficult to find an uncrushed boulder. 
The constituents of the conglomerate vary up to boulders more than one yard 
in diameter. 

Slip-faults, trending in an east-west direction traverse the succession in 
this locality. 'The approximate east-west alignment of grooves on slickensided 
surfaces, as well as the fact that the boulders show indented surfaces on their 
eastern and western sides, indicate that an east-west applied pressure is 
responsible for the considerable amount of crushing which has taken place 
in these eastern outcrops. (See Ph. 10) Undoubtedly, these pressure effects 
resulted from the forces causing the cross-ridging. 


(2) THE SMALL-PEBBLE CONGLOMERATE 


In the foregoing description, it was clearly admitted that the basal Enon 
not only displays lateral variations but also presents considerable changes in 
a vertical direction. In places, for instance at Nooitgedacht, a similar relation 
exists between these basal beds and the beds following immediately on them, 
viz. the small-pebble conglomerate. 'The transition at other places may be 
described as rather abrupt, although the typical red colour of the basal beds 
may persist for some distance in the younger division. 

In the western arc of the basin, the small-pebble conglomerate is beautifully 
exposed on the western bank of the Gamka River at Calitzdorp. Striking due 
north and dipping 30% eastwards, these beds consist of a collection oi small 
whitish-grey pebbles, carried in a grey sandy cement. In addition, numerous 
lenses of sandstone occur in the conglomerate. Oxidation caused these lenses 
to become reddish on exposed surfaces. 'The conglomerate is partly made up 
of TM.S. pebbles which are somewhat angular and partly of Bokkeveld shale 
pebbles which are generally well-rounded. Beautiful concentrations of fine 
crystalline gypsum are abundant in this locality and form a conspicuous feature 
in the belt of weathering of these deposits. Since this gypsum occurs in the 
form of “nests” in the weathered sandstones, the gypsum is undoubtedly of 
secondary origin, having been deposited by the action of groundwater in the 
zone of weathering. At the Calitzdorp railway station where the small-pebble 
conglomerate is beautifully exposed, the latter alternates sharply with sandstone 
lenses 80 feet in length and 18 inches thick. 'The largest pebbles attain the 
size of a tennis-pall. 

From (Calitzdorp southwards, outcrops of this conslomerate are rarely 
exposed, owing to the presence of alluvial and surface deposits. Good EXposures 
are, however, again observed immediately north of the road leading from 
Gamka-south to Badshoogte. At a distance of about 14 miles from Gamka- 
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south, this division strikes N.15.W. and dips 22% in direction N.75.E. 'The pebbles 
consist of well-rounded 'TMS. constituents, but #lattened and elongated 
Bokkeveld pebbles are also well represented. Small sandstone lenses are still 
present though the deposit represents a dominantly conglomeratic unit. Of 
particular interest is the fact that the pebbles show unmistakable signs of 
external pressure, some being severely crushed while others exhibit round 
pit-like depressions which indicate the loci of applied pressure. 

Along its strike to the east, this division appears to include progressively 
more sandstone lenses, in the weathered horizons of which a few loose and 
friable gypsum clots are encountered. At Langverwacht, crystal slabs of gypsum 
(variety selenite) constitute a new phase in which this mineral appears. A 
coarse gritty sandstone from this locality proves to be cemented by secondary 
calcite, which occupies the inter-granular space and forms glittering Crystal 
surfaces on the exposed sandstone. 'Together with a small proportion of 
ferruginous cement, this caleite constitutes as much as 18.9% of the rock, and 
disregarding this cement, a mechanical analysis of the rock yields the following 
(see also Fig. 3, graph 2, page 229): 


(6 OS 
(6-20) : 24 
Es SMS 
(30 - 60) : 62.1 
(60 - 190) : 15.7 
(ad) ETD 


The occurrence of the small-pebble conglomerate at Nooitgedacht affords 
beautiful outerops for study. In accordance with other occurrences, it presents 
a collection of sediments grading from the basal Enon conglomerate below, 
into a conglomerate consisting mainly of the small argillaceous pebbles of the 
Bokkeveld series. 'These tabular Bokkeveld pebbles are orientated with their 
fiattened faces mostly parallel to the bedding-planes. but the conglomerate also 
contains relatively large cobbles of T.M.S. duartzite, measuring up to 8 inches 
in diameter. All these constituents are embedded in a sandy matrix containing 
minute flakes of Bokkeveld shale. 'The conglomerate also shows pressure effects, 
some pebbles are crushed while others are plastically deformed. Tn addition, 
thick accumulations of this shale-conglomerate are succeeded and preceded by 
friable sandstone units which show a marked degree of false-bedding. Several 
bands of secondary gypsum, measuring up to 3 inch in thickness, are present 
in these sandstones. 'The gypsum was most probably deposited along cleavage 
as well ds bedding-planes, while on weathered surfaces the gypsum streaks 
stand out in relief. 

A clayey unit one foot thick is also present on Nooitgedacht. It is preceded 
by well-bedded sandstones and succeeded by the typical small-pebble shale- 
conglomerate. (Ph. 6 and 12) 'This claystone is minutely cleaved and such 
cleavage partings are coated by a very thin veneer of limonite. 

Proceeding upwards in the succession, this division of small-pebble 
conslomerate merges into a conslomerate which is made up mainly of 
well-rounded T.M.S. pebbles. According to shape these pebbles may be referred 
to the following classes: 
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(a) Some pebbles are slightly elongated, usually well-rounded, ie. they are 
roughly egg-shaped but show minor irregularities of form. 


(b) Rectangular blocks of T.M.S., each having one flattened face, the size 
of which exceeds that of any of the other less flattened faces. 'The 
edges of the faces are rounded of and these pebbles seem to repose 
with their largest faces on the bedding-planes of the succession. Some 
pebbles, also related to this class, have a sduare outline when viewed 
perpendicular to the bedding-plane on which they repose. 


(c) These pebbles have a single circular fiattened face of repose. Otherwise 
they are relatively spherical in shape. In other words, these pebbles 
may be compared with the minor segments of a sphere which is 
severed by a plane surface. 


(d) The shape of a small proportion of the pebbles which constitute the 
conglomerate, resemble pears halved in length, ie. these pebbles are 
elongated and increase in bulk towards the one end, the faces of repose 
being planed of. Such pebbles were found reposing on the bedding- 
planes of the deposit with their long axes parallel to the direction of 
northerly dip of the bedding-planes and with their bulky extremities in 
the downdip direction. As a result of their shapes, these pebbles obeyed 
the law of least resistance on an initial slope of deposition. It is, 
therefore, suggested that the depositing currents had a northerly 
direction. 

(e) An occasional cobble may be found which is angular and irregular, 
showing many rough surfaces. 


Several textural varieties of T.M.S. pebbles may also be recognised: 


(8) 'The common compact and massive duartzitic sandstone type. 
(b) A well-laminated duartzitic variety. 

(c) Pebbles subdivided into segments by small dguartz veins. 

(d) Pebbles consisting wholly of vein-guartz. 


"The colour of these T.M.S. constituents also shows variations. Most pebbles, 
however, display the usual greyish-white colour of the TM.S. Others show 
purplish-brown tints, while a distinct brown colour is not uncommon. 

In addition to these guartzitic constituents, Bokkeveld shale pebbles are 
also present. These shale constituents are generally much smaller than the 
T M.S. pebbles, and are invariably well-rounded off occurring as small elongated 
and circular slabs. 

Of particular interest is the fact that some of these slablike Bokkeveld 
pebbles repose on their narrow edges instead of lying on their broader flat 
faces. Such orientations are strongly suggestive of the transportation and 
deposition of the sedimentary debris in sheets. 

Under such circumstances, the mutual support of the accompanying pebbles 
in the sheet makes it possible for the flattened pebbles to stand and to 
remain on their edges during the period in which the sheet became stationary. 
Another possible explanation of the orientation of such pebbles is that they 
incidentally came to rest in unoccupied hollows between larger pebbles, before 
such hollows could be rapidly filled up by sands and smaller constituents. Sand, 
however, must have been abundantly present during deposition. 'This is shown 


220 


by the fact that sand is not only present in the matrix of the conglomerate, 
but also in the form of sandstone lenses with which the conglomerate is 
intimately associated. 'The writer, therefore, favours the former view which 
postulates transportation and deposition in sheets. 

Immediately to the east of Nooitgedacht, outcrops of the small-pebble 
conglomerate are not seen, being covered by extensive alluvial deposits of the 
Olifants River. Good exposures are again present just to the east of Oudtshoorn. 
Reddish conglomerate beds are here found to alternate with white-greyish 
conglomeratic lenses. The conglomerate consists mainly of smooth T.M.S. pebbles 
while fiattened Bokkevold shale pebbles constitute a minor proportion. Sandstone 
ienses are also well represented, some of which are velatively thick. 

In the vicinity of Dysselsdorp, outcrops of the small-pebble conglomerate 
are extremely rare, this is due to a cover of extensive surface deposits of Enon 
waste, the outcrops being also concealed by thick growths of prickly pear. OT 
particular interest is the presence of a carbonaceous deposit at Dysselsdorp, 
which appears in the form of loose, friable masses of post-Enon age. It is 
mainly confined to the surface and it seems highly probable that it was deposited 
from seepage water which emanated from the thick growths of prickly pear. 

On the western slope of the Dysselsdorp Mountain, a beautiful outcrop of 
3a wWhitish small-pebble conglomerate is exposed. Striking N19E. and dipping 
at an angle of 19% in a N.712W. direction, this outcrop presents a collection 
of sediments in which layers of the small-pebble conglomerate alternate with 
impersistent sandstone lenses. A mechanical analysis of the conglomerate in 
which the small vein-guartz pebbles are angular, while the shaly pebbles are 
fiattened and well-rounded, shows the following: 


(eis) MA9 
(3-6) : 96 
(6-20) : 98.7 


(20-30) : 6.1 
(30-60) : 6.6 
(2 60) : 45.5 


100.0 


The large percentage of small grain causes a secondary maximum in the integral 
graph. (See Fig. 3, graph 6, page 229) 


Except for the presence of the whitish-grey conglomerate carrying cross- 
bedded sandstone lenses to the west of Le Roux, and the presence of the same 
horizon south of Le Roux, no further outcrops are to be found in an easterly 
direction. Tn all probability this division ends here. 


(3) THE ENON SANDSTONE 


No definite division can be established between the small-pebble conglomerate 
and the succeeding sandstone unit. 'The relation between the two can only be 
described as being strictly transitional, since the pebbly bands in the lower 
division are progressively less well represented as one proceeds to higher 
stratigraphic levels until uitimately they disappear completely. Physiographically 
the Enon sandstone underlies the belt of low country from east of Calitzdorp, 
past Oudtshoorn to Hazenjacht, being at the most about 4 miles broad. As 
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already noted, fiat-topped hills occur in this belt and they are invariably covered 
with loose unconsolidated waste materials. 

East of Oudtshoorn the available evidence indicates a lateral thinning 
of the sandstone division. A superficial covering of surface limestone and waste- 
deposits conceals the outcrops of sandstone to a marked degree. Where exposed 
by erosion and human agencies, the sandstone shows a typical grey to 
greenish-grey colour, while macroscopically it consists of poorly rounded dguartzitic 
as well as a minor proportion of shaly and hematite constituents. 'The latter 
is so sparingly present that it has no effect on the colour of the sandstone. 
The proportion of shale-grains, however, has an important bearing on the 
colour of the sediment; an increased amount of shale-grains imparts a greenish 
colour to the sandstone, this colour being also accompanied by an increase in 
the friability of the sediment. In the zone of weathering, the soil (decomposed 
sandstone) as well as the still consolidated sandstone exhibit a Teddish colour 
in conseguence of the presence of oxidised ferruginous matter in the shale-grains. 
A mechanical analysis of the sandstone from Vlei River yields the following 
(see Fig. 3, graph 7. page 229): 


(— AD 80 
(20-30) : 72 
(30 - 60) : 38.7 

(60- 120): 441 
(EEU) SE EN 


The sandstone is not uniform throughout. Relatively coarse seams may 
alternate with finely laminated ones, both in a vertical and lateral direction. 

Some additional features of variation are to be seen in the sandstone on 
Langverwacht. In this locality the sandstones contain an occasional well-rounded 
'TM.S. pebble up to # inch in diameter. An horizon of about 9 feet thick, 
consisting of a cream-coloured dense sandstone and exhibiting very distinct 
false-bedded features, deserves to be mentioned. This rock seems to be 
secondarily cemented by silica; it breaks easily in any direction, irrespective 
of the orientation of the bedding-planes. Tt is conformably overlain and 
underlain by sandstones which strike N.95%E. and dip at 140 in a NBOE. 
direction. Fragments of fossil wood are found in the sandstone beds while 
Crystals of secondary gypsum, measuring up to # inch in length occur in the 
decomposed sandstone. 'The fact that these gypsum crystals occur in inclined 
streaks in the soil, indicates that this mineral was formerly distributed along 
bedding- and cleavage-planes of the sandstones. 

On Welbedacht, the sandstone displays some interesting features. In places 
it contains a conglomeratic horizon consisting of well-rounded T.M.S. pebbles. 
Such horizons merge gradually into coarse grits and then into the typical 
sandstone analogous to that of Vlei River. 

The sandstone on Welbedacht also shows remarkable impressions of plant 
remains and exhibits well-developed false-bedding. 

Of particular interest is the presence of beautiful slabs of crystalline gypsum 
in one locality on the northern part of Welbedacht. 'These slabs assume the 
form of lenses up to one inch thick between bedding-planes; in fact, some of 
them are completely wedgelike, which leaves no doubt as to their secondary 
origin. 'The enveloping sandstone is a dark-brown, loose and friable variety, 
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while a greenish, friable sandstone is found above and below the occurrence 
of gypsum. 'This sandstone resembles the Vlei River type to a marked degree 
as is shown by lithological character, mechanical analysis and integral graph 5, 
Fig. 3, page 229. 


(-— Ay) 8 
(2030 73 
(30 - 60) : 45.5 


(60 - 120) : Bal 
( 120): dd2 


To the east, no noteworthy variation occurs in the sandstone division, except 
for the occurrence of clayey units and a dense silicified sandstone horizon at 
Oudtshoorn. 'The latter is similar to that of Langverwacht and dips at the 
relatively high angle of 240 towards the north. 


(4) THE UPPER ENON RED BEDS 


The boundary between the Enon Sandstone division and the succeeding red 
beds is extremely indefinite. Bounded on the north by the Cango fault-serap, 
this uppermost division of the (COretaceous succession underlies a belt of 
bush-clad and hilly country, stretching from north of Calitzdorp in an east-west 
direction to De Rust. 'Talus and outwash deposits from the southern slopes 
of this belt extending well towards the south, obscure the relationship between 
the two upper divisions of the Cretaceous beds. 

It is still possible, however, to obtain some evidence concerning the relation 
between these two younger divisions by studying the Upper Enon red beds from 
lower to higher stratigraphic levels. Employing this method, it became clear 
that the southernmost occurrences of these beds represent a deposit which 
consists exclusively of relatively small T.M.S. fragments, most of them being 
extremely angular. 'These fragments are held together by means of a ferruginous 
sand consisting of angular duartz grains. On Buffelskloof, the fragmental nature 
of the lower portions of the Upper Enon red beds can be studied in detail since 
beautiful outcrops are exposed in this locality. As in other localities, the 
constituents of this division become coarser and coarser as one proceeds upwards 
in the succession, i.e. towards Coetzees poort. 'The majority of the constituents 
are still very angular in these higher stratigraphic levels, some showing signs 
of abrasion while a small percentage only are well-rounded. Regarded as a 
whole, the Upper Enon red beds show no sorting whatsoever: constituents of 
grain and boulder size are indiscriminately mixed. Conspicuous lenses of red 
sandstone are present in places, but they tend to decrease in duantity and 
extent upwards. Bedding is very obscure but by noting the inclination of the 
red sandstone lenses, the direction of the true bedding of the entire succession 
may be recognised. 'This succession was found to be horizontal on the northern 
parts of Rietfontein but the dip steadily increases towards the Enon-Cango 
contact. 

Lithologically, the Upper Enon red beds are seen to consist of TM.S. debris 
of which several types may be distinguished. 'The most common types consist 
of whitish sandstone, mostly occurring as large poorly rounded boulders. Other 
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constituents consist of brown-coloured sandstones, greyish friable sandstones as 
well as small cherty pebbles. 

Outcrops of the Upper Enon red beds at Buffelskloof form very imposing 
scenery in consedguence of the very peculiar way in which these rocks weather 
and resist erosive agencies. 'The constituents of the deposit are very #rmly held 
together by means of a ferruginous sandy cement so that it resembles a tough 
artifieial concrete. On weathered surfaces in sheltered and precipitous places, 
the included fragments of the breccia-conglomerate do not stand out in relief. 
In fact, some of them form depressions. 'The weathering seems to affect the 
inclusions to a greater extent than the binding medium. In less sheltered 
Ooutcrops, weathering has produced a very rough surface, in which the included 
fragments stand out in relief. In some sheltered places, spacious hollows are 
to be found in wall-like clifs. Some of these cave-like hollows served as 
dwelling-places for Bushmen, since obscure paintings of Bushmen origin may 
still be recognised on the walls. High clifs having very steep and precipitous 
faces, form very conspicuous and imposing landmarks at Buffelskloof. Some 
of these cliffs appear as narrow wall-like relics of weathering. Where weathering 
has succeeded in producing hollows through these “walls” natural arches 
resulted. 'These hollows are locally known as “vensters.” (See Ph. 7) 'The 
precipitous faces of the cliffs are extensively covered with a yellow lichen, arranged 
in the form of broad ribbons down the faces of the clifs. When seen from 
afar, this yellow lichen gives the impression that the faces of the clifs were 
painted yellow. lIn places where the relief of the outcrops of breccia- 
conglomerate is less marked and the slopes of the elevations less steep, the 
surface is mostly covered with grey lichen which conceals the characteristic red 
colour of the deposit. 'The mode of weathering and erosion produces a very 
peculiar pattern of tongue-like outerops which collectively may form low conical 
hills. (See Ph. 1) All these wonderful features contribute towards the beauty 
and grandeur of Buiffelskloof. 

To the east of Buffelskloof, outcrops of the Upper Enon red beds are rare, 
the country being extensively covered by bush and by talus deposits. Af 
Schoemanshoek, the outcrops are much concealed by a thick growth of prickly 
pear, but nevertheless, the isolated outcrops still reveal the unmistakable 
presence of this upper division. [In this locality some pebble deposits of Cango 
phyllite and Cango conglomerate are also to be found, but these deposits 
constitute no integral part of the Cretaceous sediments. 'The relation to the 
COretaceous deposits is such as to justify the assumption that they are subseduent, 
being formed long after the completion of the Cretaceous sedimentation. In 
fact, no constituents derived from the Cango series were anywhere encountered 
in the Cretaceous sediments of this region, 'This observation parallels that of 
Rastall (corroborated by Séhnge), viz. that no inclusions of Malmesbury Beds 
are present in the Cretaceous sediments at Worcester.l 

In the neighbourhood of Hazenjacht, outcrops of the Upper Enon red beds 
are again well exposed and at Le Roux, they build the imposing landscape north 
of the railway line. Here the succession still consists of a T.M SS. aggregate, 
the constituents of which are extremely angular, increasing in size in the 
direction of dip. 'The dip is invariably directed towards the Enon-Cango 
contact in the north, being generally in the neighbourhood of 16%. Between 
Le Roux and De Rust, this upper division terminates. 
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IV. THE RELATION BETWEEN THE CRETACEOUS 
AND CANGO BEDS 


Although the contact between the Cretaceous and Cango beds is much 
obscured by talus and outwash deposits, the available evidence strongly suggests 
that the contact is definitely a tectonic one. 'This is not only indicated by 
the abnormal dip relations existing between the two formations, but also by 
actual observations on the contact which reveal the presence of slicken-sides 
Doth in the Cretaceous and Cango beds. 'The Upper Enon red beds display 
unmistakable signs of severe crushing when the line of contact, ie. the 
fault-line, is approached. Along the fault this upper division is so severely 
crushed that it loses its typical character completely. 'These effects of crushing 
are to be witnessed all along the fault-line from the north of Calitzdorp to 
De Rust, being extraordinarily well developed at a point north of Le Roux. 
Where the fault-line is concealed by surface deposits, the contrast in vegetation 
supported by the two formations in contact, as well as the differences in elevation, 
afford some indication of the trend of the fault-line. (Ph. 2) 

Minor dislocations also traverse the Upper Enon red beds near the fault-line 
and invariably, they prove to be the loci of secondary concentrations of hematitic 
deposits. Although these concentrations are very insignificant, they are without 
doubt the result of infiltrated ferruginous matter along the planes of movement 
in the Upper Enon red beds, and appears to be intimately connected with the 
faulting itself. Not uncoinmonly, these concentrations of ferruginous matter 
are inclined at a low angle towards the fault-line and in many cases they have 
the appearance of original bedding-planes in the deposit. 'The presence of 
slieken-sided surfaces, however, leaves no doubt as regards their origin. 


V. THE ORIGIN OF THE SURFACE OF DEPOSITION 


In the previous pages, an attempt has been made to give a purely descriptive 
account of the Cretaceous deposits in the area under consideration and to 
establish the stratigraphical relationships existing between the various 
sub-divisions. Nothing has been recorded of the nature of the sedimentational 
environments and its relation to tectonic, physiographic and morphological 
Seduences. 

There can be little doubt that in Cretaceous times the Langeberg in the 
south and the Swarteberg in the north constituted natural environmental 
barriers to the Oudtshoorn basin. 'These barriers were primarily formed by 
severe tectonic movements prior to Cretaceous times, resulting in the physio- 
graphic dominance of the resistent Table Mountain Sandstone series. This seems 
to indicate that the sedimentation during the Cretaceous period resulted from 
the inter-action of a special set of tectonic and morphological agencies which 
came in operation prior to Cretaceous times. 

The date of the initiation of the major fold axes, can be traced back to 
the closing stages of the Triassic period. 'This date is more or less established 
by the preservation of lower Jurassic Stormberg volcanics (in the Suurberg 
basin of the Uitenhage area) which repose in an old synclinal basin of crushed 
Bokkeveld shales. It seems likely that while folding was still in progress, the 
Jurassic morphological cycle was either in process of initiation or already 
completely established. 'This morphological cycle ended with the formation of 
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a late-Jurassic erosion-surface, remnants of which to-day correspond 


approsimately with the highest summits of the Swarteberg Range. (F. Dixey: 
T.GS.SA., D. 1138, 1988) 


The structural ridges which were initiated during the closing stage of the 
'Triassic period, could not have been totally destroyed during the Jurassic erosion 
cycle, so that it seems highly probable that structural valleys (trending more 
or less closely in accordance with the major fold axes, ie. east-west) were 
already in existence during the closing days of the erosion cycle. 


The torrential nature of the depositing streams in lower Cretaceous times, 
so clearly exemplified by the constitution of the lower Enon deposits, points to 
the fact that the primary slope of transportation must have been relatively 
steep. 'That the constituents of the lower Enon conglomerate were definitely 
transported and not merely reworked talus accumulations is clearly shown by 
the chattermarked surfaces exhibited by many well-rounded boulders. All the 
available evidence, therefore, seems to indicate that before sedimentation 
commenced in early COretaceous times, the Cretaceo-Jurassic topography must 
have been one of high relief. 'This rugged topography was not the ultimate result 
of the normal development of the Jurassic erosion surface, but appears to have 
resulted from excessive uplift during the Upper-Jurassic—lower Oretaceous stages. 
This caused the destruction of the late Jurassiec erosion surface, while the 
structural valleys of the Triassic were re-excavated. 


The Bcca and Dwyka outcrops which in lower Cretaceous times partly formed 
a surface of deposition for the Oretaceous sediments in the Worcester area, 
indicate that erosion was locally arrested before these Karroo strata could be 
totally stripped from the rocks of the Cape System. 'To the east of this 
occurrence, especially in the neighbourhood of Oudtshoorn, there is no evidence 
whatsoever of Karroo strata immediately beneath the Cretaceous sediments; 
on the contrary, the Bokkeveld shales constitute the youngest sedimentary rock 
series on which these sediments were deposited. Moreover, the relation of 
the Cango fault to the faulted sediments does not justify the conclusion that 
portions of these younger sediments were preserved by down-faulting to 
considerable depths. 

The Jurassic-Cretaceous uplift then, resulted in a period of severe erosion 
whereby the Karroo rocks were completely removed east of the Worcester area. 
The persistence of Karroo rocks in the vicinity of Worcester may be attributed 
to differential uplift whereby erosion was accentuated from west to east. It 
seems likely that the Oudtshoorn-Uniondale area suifered most from this 
denudation since it is in this neighbourhood that the oldest rocks on which 
the Cretaceous sediments repose, were exposed during the Upper-Jurassic period. 

It must be borne in mind that the lower Cretaceous continent was 
characterised by a small-scale regional submergence, exemplified by the presence 
of marine strata (of that age) along the margin of the African continent. 
This depression of the land resulted in the encroachment of the ocean upon 
the land-surface, sending tongues into the eroded structural valleys, thereby 
arresting denudation to a marked extent. If depression was uniform, the gradient 
of the land surface would be evenly and uniformly lowered, the sea would 
extend only a certain distance up each valley and hence deposition (and choking) 
would proceed evenly in the valleys. If depression was differential, the ocean 
would also extend some distance into the valleys but the gradient would not 
be uniformly decreased, thereby facilitating the formation of separate basins 
in which deposition could proceed at independent rates. 
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The present-day position and relationships of the Cretaceous strata in the 
Oudtshoorn area, present some interesting data in support of the idea of 
differential depression. 'The Lower Enon conglomerate of Oudtshoorn displays 
all aspects of former actual continuity with that of the Uniondale occurrence; 
this serves to indicate that these two depressions were originally connected 
to form one depositional basin. On the other hand, the succeeding division of 
the Oretaceous strata does not exhibit this relationship. Furthermore, the 
regional distribution and stratigraphical position of the Cretaceous ouftliers in 
South Africa, as well as the lithological variability of the deposits in the 
various outliers, support the view that at one time at least, these valleys 
became separated from each other and thereafter constituted separate sites 
of deposition. 

In short we conclude that in early COretaceous times differential depression 
was being initiated, but, though this process was not instrumental in delimiting 
the depositional basins at the outset, the writer is of opinion that subseguent 
differential depression profoundly modified and established the previously 
initiated confines of the major basins. 


VI TEE RELATION OF THE DEPOSITIONAL SURFACE 
TO THE COVERING SEDIMENTS 


1t is noteworthy that at the time of differential depression, denudation was 
well advanced. 'The Oudtshoorn area must then have been a relatively low 
gradient surface where underlain by Bokkeveld shales, since the resistent 
Witteberg duartzites were already eroded. 'This view is supported by the 
present-day contacts between Enon conglomerate and Bokkeveld shales. 'The 
presence of filled-up valleys could not be detected on the depositional floor and 
although the contact between the Cretaceous sediments and the Bokkeveld shales 
is invariably obscured by talus deposits, the remarkable straight line of contact 
from the south of Oudtshoorn to Kamanassie also suggests the presence oi a 
relatively planed contact surface. 

A somewhat different relation exists where the Enon directly overlies the 
TMS. For instance at a point south of Nooitgedacht, the steep slope of 
the Gamka Hills terminates abruptly against a succession of (Cretaceous 
sediments. Where the contact is visible, it may indeed be described as being 
highly irregular and this irregularity indicates that the original slope was 
extensively gullied at the time when the landscape to the south stood much 
higher than it does to-day. Indeed, it may be inferred that in lower Cretaceous 
times, the Gamka Hills were almost completely buried under Bokkeveld shales 
and that only the highest parts of the crest of this pitching anticlinal structure 
were exposed and scarred by streams laden with Enon materials. 

Similar features are to be observed to the south of Le Roux and here 
longitudinal gullies are noticeable trending parallel with the structure lines. 
During Cretaceous sedimentation these gullies were all being filled up with 
materials which in most cases did not suffer sufficient abrasion to produce 
well-rounded constituents. 

The tongue of Cretaceous deposits between the Sandberg and the Rooiberg 
must on the other hand, not be looked upon as an inflled valley carved in 
the underlying formations. The original Cretaceous slope proves to be a gentle 
one; the valley can indeed be described as being a denuded pitching syncline 
(between the confining barriers to the south, north and west) and it may, 
therefore, be regarded as a westerly extension of the main Oudtshoorn basin. 
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VIL RECONSTRUCTION OF CONDITIONS OF PRODUCTION, 
TRANSPORTATION AND DEPOSITION OF THE CORETACEOUS 
SEDIMENTS 


When sedimentation commenced in early Cretaceous times, the Bokkeveld 
shales must have been well exposed at the surface along the inner rim of the 
depositional basin, since the lower divisions of the basal Enon conglomerate 
in the south, consist almost wholly of pebbles from this series. 

What is more, this deposit is cemented by a hematitie cement which 
constitutes up to 7.6% of the rock (Klip River mechanical analysis, p. 229). 'The 
prevalence and occasional local abundance of hematite in the matrix of the 
earliest Cretaceous rocks is suggestive of their accumulation in an oxidising 
environment, since the presence of the iron ore cannot be aseribed to alteration 
or subseduent infiltration. 'Thus oxidation supported by the erosive power of 
degrading streams, seems to be a very important and potent factor in the 
production of these sediments. The fact that extensive oxidation can hardly 
be reconciled with a moist climate in which de-ozidation processes are most 
effective, strongly suggests that the climate of lower Cretaceous times must 
have been relatively dry. Under such conditions, the precipitation would be 
insufficient to maintain vigorous perennial streams; in fact, one would rather 
expect heavy rain-storms which would result in vigorous torrential streams 
sweeping down the slope, abrading, degrading, transporting and sorting along 
their channels. During dry weather periods, the exposed soil would be osidised 
and decomposed and by the action of such torrential streams, these oxidised 
and decomposed products would be swept downslope. 'The competent degrading 
streams also succeeded in securing fresh material by scarring and harrowing 
in the stream-channels. Somewhat similar or slightly altered Bokkeveld 
fragments could also have been obtained by weathering along the cleavage- 
planes of the shales, in other words by a mechanical process of dislodging. 
One of the most characteristic features of the pebbles derived from the Bokkeveld 
series, is the prevalent tabular and #lattened forms. 'These pecularities of 
form may be indirectly attributed to the orientation and degree of perfection 
of cleavages in the original rock. Since orzidation is necessarily accompanied 
by volumetric changes and well-developed cleavages are directions of easiest 
access, it may reasonably be concluded that oxidation would tend to facilitate 
mechanical disintegration with the production of fragments of characteristic 
shape. 

Similar but feebly developed partings are also to be observed in the T.M.S. 
pebbles, but in this case bedding-planes proved to be the loci of these partings. 
'Though rarely pronounced the partings seem to have exercised a considerable 
measure of control on the process of production of materials. In this way we 
could account for the presence of sduare and rectangular rudaceous debris 
derived from the T.M.S. Of special interest in this connection is the process 
of insolation, which would cause the rock to disrupt along planes of least 
resistance or cohesion, in other words along bedding-planes in the case of 
TMS. and along cleavage-planes in the case of the Bokkeveld shales. Insolation 
would also have stimulated the production of sand grains by weakening the 
binding medium during differential expansion and contraction. 
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TRANSPORTATION 


It has to be borne in mind that the original forms of the products of 
disintegration must subseduently have been obscured by abrasion during 
transportation. 'This is shown by viewing some well-rounded cobbles and 
pebbles, in which there is no intimate relation between the bedding-planes in, 
and the shape of that particular constituent. This is especially true in the 
case of large boulders since according to Wentworth, the rate of wear is 
directly proportional to the size of the boulder, which means that large boulders 
will be most intensely abraded. 'The preservation of original shapes would also 
depend on the distance travelled and the number of the associated constituents. 
In the latter instance only to a certain extent, since the rate of abrasion is 
nearly proportional to the number of associated constituents up to a certain 
point after which it remains nearly constant. 

A thorough consideration of the nature and distribution of the constituents 
of the basal Enon conglomerate with respect to the above-mentioned points, 
leads to some interesting inferences. (One is forced to believe in a mass 
production of the materials, a mass transportation and a mass deposition. 'This 
view is not obtained by merely considering the work of torrential streams 
playing havoe with large amounts of sediments down-slope, but it is also 
markedly suggested by the absence of any systematic sorting, the abnormal and 
unbalanced positions exhibited by some rudaceous constituents and the peculiar 
way in which local unconformities are developed. On the other hand, the 
presence of cobble beds in which the cobbles are arranged so as to offer minimum 
resistance to the oncoming current, points to more normal conditions of 
deposition during which the cobbles were given the opportunity to orientate 
themselves approximately and to attain various degrees of eduilibrium on the 
depositional floor. In addition, the available evidence goes to show that the 
depositing currents could not have been uni-directional, either regionally or 
locally. This conclusion is obvious when considering the sedimentational milieu, 
since the depositing currents originated in the confining barriers which rimmed 
the basin of deposition. 'The transverse scouring effects, markedly exhibited in 
the Kamanassie area and elsewhere, also point to local variations in the directions 
of the depositing currents. Furthermore, the competencies of the currents seem 
to have been variable. 'This is suggested by the presence of numerous lenses 
of sandstone in the conglomerate. Barrell states that “for a given discharge 
. . .. there is a competent fineness of grain.” Since the local slope could not 
have changed to any marked extent, the reason why these sandstone lenses 
were being deposited must be traced back to the discharge at that particular 
moment. Tn other words, a diminution of discharge would result in the 
deposition of the finer divisions while the relatively coarser constituents would 
lag up-stream. In the case of the finer constituents the rate of abrasion would 
be greater than when “the run-of becomes so torrential as to move the 
gravel banks bodily instead of exposing all the moving gravel to the abrading 
effect of the passing current” (1). 'The coarser materials will also lag behind 
when the transporting current is provided with a large proportion of iner 
materials, “and in their slower movement are subjected to a more rapid wear 
by the greater volume of sand” (1). IJf the competency and capacity be now 
increased by an increased discharge, coarser constituents are taken up, “the 
ratio to the finer is increased, its wear per unit distance is decreased and it 
will be swept further down-stream” (1). 'These considerations will then also 
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Fig. 3. Graphical representation of mechanical analyses of Enon sediments. 

Gr. 1. basal conglomerate, Gamka West; Gr. 2. sandstone at Langverwacht; 

Gr. 3. sandstone lens at Bakenskraai; (Gr. 4. basal Enon at Klip River; 

Gr. 5. sandstone at Welbedacht North; Gr. 6. small pebble conglomerate at 
Dysselsdorp; Gr. 7. sandstone at Vlei River. 


230 


account for the relative angularity of the pebbles constituting some horizons 
in the conglomerate. 

By considering the two integral graphs (graphs 1 and 4) of the shale- 
conglomerate at the immediate contact of the basal Enon and the Bokkeveld, 
some elucidative features come to light. Both freduency curves are markedly 
unsymmetrical and exhibit a marked central tendency or maximum between 
the 6-20 grade. Disregarding duantitive differences it may, therefore, be 
concluded that gualitatively the freguency curves resemble each other very closely. 

The freguency distribution of the sizes of the particles is a reflection of 
the freguency distribution of the competencies of the depositing currents. 'The 
Geparture of these curves from symmetry as well as the variation in form, 
may thus be interpreted as representing fiuctuations of the competencies in 
duestion, While the variation in grain size may, therefore, be regarded as errors 
in an approach to perfect sorting. 

Graphical representations as jincorporated in this discussion can by no 
means be considered as actually indicative of competency variation of 
transporting media for the following reasons: 


(a) The origins and state of development of transporting media are variable. 


(b) The type, nature and availability of the loads of these transporting 
media are highly variable. 

(e) The distance of transportation is highly variable. In spite of all this 
seemingly contradictory data to be considered I have already mentioned 
that the transportation of the Enon debris in the Oudtshoorn basin, 
took place under inferred, uniform, semi-arid conditions thereby 
pre-supposing the esistence of uniformly distributed though by nature 
highly heterogeneous available loads. Under such conditions a variation 
in grain size becomes in great measure indicative of competency variation. 


The integral graphs (grs. 1 and 4), therefore, indicate that the competencies 
of the depositing currents were extremely variable. Deposition took place when 
the competencies of these streams were decreased. 'This could have been 
accomplished by a decrease in the transportational slope which means a 
decrease in velocity. A decrease in the discharge also caused the deposition 
of those sediments in particular, which were transported by means of traction. 
Inter-action of currents having “different competencies, capacities and loads 
must also have taken place, deposition taking place where the competency of 
such a combined system of streams is decreased. One is forced to believe that 
the inter-action of these #fluctuating streams constituted a very sensitive 
system, which controlled local conditions of deposition and erosion, resulting 
in the formation of local unconformities. 

Disregarding the minor variations in the conditions of deposition of the 
basal Enon beds, the available evidence goes to indicate a gradual transition 
into the succeeding small-pebble beds. 'This is duite in accordance with one's 
expectations, viz. that during the more advanced stages of deposition, when 
denudation had already succeeded in lowering the towering mountains all 
around the site of deposition, the competencies of the depositing streams 
decreased regionally. 'This decrease in competencies would also be enhanced 
by the extent to which infilling of the basin of deposition was accomplished. 

Of special interest in these small-pebble beds is the degree of roundins of 
of the pebbles, which seems to stand in direct relation to the regional diminution 
of competencies and the presence of numerous sandstone lenses in the small- 
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pebble conglomerate. 'The lenses of sandstone point towards a temporary 
deerease in competency so that the gravel was permitted to lag behind. If 
the gravel was stationary during this time, that is, if only the sand was moved, 
an excessive wear was favoured and the pebbles would exhibit well-rounded 
forms. If the gravel was moved, the relative ratio of movement of sand and 
gravel would also have an important bearing on the wear of the pebbles. 'The 
retardation of the gravel, as a conseguence of the variations in the competencies, 
therefore, accounts for the roundness of these pebbles. 

The haphazard way in which large and small pebbles are arranged in these 
beds and the feeble sorting exhibited by these sediments, point towards a 
mass transportation and mass deposition although this need not be necessarily 
true for the entire formation. 


The freguency curves, Gr. 2 and 6, are highly dissimilar in the sense of 
the #reguency distribution of the grain sizes, and also show a remarkable 
difference in the extent of the secondary maxima. Gr. 2 exhibits the freguency 
distribution of a sandstone lens, indicating a low competency of the depositing 
current. Gr. 6 not only shows a higher competency but also displays a serious 
departure from perfect sorting. 

The presence of clay horizons in the small-pebble beds also deserves some 
notice. 'This feature not only supports the view of an extreme variation in 
competencies but is also indicative of a very abrupt change in the conditions 
of transportation and deposition, viz. from that of a conglomerate to that 
of a clay, in other words, from stormy to tranduil conditions and vice versa. 
Clay being deposited in very still waters in which the colloidal substances are 
allowed to settle, it seems to suggest that disturbing currents must have been 
absent for some time at least. 

As denudation advanced, the media of deposition gradually matured. When 
these conditions became stabilised, the deposition of the Enon sandstone was 
made possible. 'The streams lost the torrential nature of their predecessors 
as a result of a marked decrease in declivity. During such conditions, sorting 
would attain a relative perfection. 'The degree of perfection of sorting is well 
exhibited by considering the integral graphs of these sediments, viz. Gr. " 
and Gr. 5. Both show a marked central tendency between the 30-120 grades 
and a gradual decrease in the admixtures to either side of the maximum grade. 
No secondary maxima are present to suggest that traction played a very 
important role during transportation. But the presence of relatively big pebbles 
embedded in even-grained sandstone does not altogether exclude the possibility 
and probability that these pebbles were moved by means of traction along 
the surface of deposition. 

A consideration of some peculiar structures in the Enon sandstone may 
aford some data pertaining to the special type of sedimentational milieu during 
the deposition of the sandstone. Cross-bedding is in places remarkably well 
developed. Small-scale cross-laminations in a fine-grained sandstone at 
Langverwacht show relatively high angles of inclination which indicate a 10w 
velocity and considerable load. lLarge-scale cross-bedded units are markedly 
exhibited at Welbedacht. (Ph. 5) 'Thick, overlapping lenses of sandstone were 
found to interfinger. 

A11 these features indicate the environment of deposition as being that 
of a flood-plain, built under semi-arid conditions. Of special interest in this 
connection is the presence and nature of the gypsum in the sandstone. Tt 
must be borne in mind that the small amount of gypsum present, does not 
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occur in its primary state. 'There is no evidence leading to the assumption 
that beds of gypsum were deposited during the time of formation of the 
sandstone. 'This would invoke a marked aridity, the gypsum being then 
precipitated as a result of evaporation. On the other hand, since gypsum may 
also be deposited as a chemical precipitate (which may be aided by evaporation), 
it is highly probable that a flood-plain in a semi-arid climate could be extremely 
favourable for the incorporation of gypsum in the sediment. 

The presence of plant remains indicates that weather conditions were 
to some degree favourable for plant growth and conditions of sedimentation 
were favourable for the preservation of these impressions. Pieces of fossil 
wood, as well as the preserved impressions of these, support the same view. 
In conclusion, a flood-plain would yield favourable conditions for the duick 
burial of these plant remains. 


VIE. THE CLOSING STAGE OF CRETACEOUS 
SEDIMENTATION 


While the process of sedimentation was proceeding during the lower 
Cretaceous period, the Oudtshoorn basin could still have been connected with 
the depressions situated to the east. Another important point of interest is the 
fact that during the time of sedimentation, no Cango beds were being exposed 
to contribute towards the Cretaceous sediments. 'This implies that the Cango 
beds were still covered by T.M.S. rocks and that the latter must have occupied 
relatively high ground. Special attention must be paid to the small strip of 
TMS. which is exposed for some distance along the northern boundary of 
the Cretaceous deposits in the Oudtshoorn area, while “in the extreme west 
of the area, the Cango rocks disappear beneath an unbroken arch of TMS.” (8). 
These considerations lead to the view that during the time of (Cretaceous 
sedimentation, an arch of T.M.S. and Bokkeveld rocks concealed the Cango rocks 
and that this arch constituted an integral part of the northern barrier of the 
Oudtshoorn basin. One limb of this arch must have had a general southerly 
dip as suggested by the southerly dip of the strip of TM.S. and also by the 
major structural disposition of the Cape System in this area. 

During the closing stages of flood-plain formation the T.M.S. arch must 
still have been unbroken. At this stage, considerable crustal disturbances came 
into being as a conseguence of which the normal course of events was seriously 
interrupted and affected. In the first instance, cross-folding commenced, 
resulting in the complete isolation of the Oudtshoorn basin from the neighbouring 
depressions to the east. 'The effects of cross-folding are markedly exhibited 
between De Rust and Vlakteplaats where the basal Enon beds were ridged up, 
crushed and tangentially slip-faulted. (Ph. 8) It seems possible that the 
Cango fault could also have been initiated during this stage, as a cConseduence 
of which the T.M.S. arch overlying the Cango beds, was tangentially severed. 

The immediate results of such diastrophic movements would be the deepening 
of the basin of deposition. ln other words, the declivity of the slopes would 
be markedly increased, especially on the northern side of the basin where 
down-faulting took place. In fact, it seems highly probable that the deepening 
of the basin was mainly accomplised by down-faulting while the process of 
cross-folding was primarily responsible for the isolation of the Oudtshoorn basin. 

It must be borne in mind that the mild conditions of denudation which 
preceded this basining, did not permit the removal of all the debris produced 
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on the uplands enecircling the depression. The processes of weathering produced 
loose materials to a large extent, of which only the fner-grained constituents 
were removed by relatively low-competent currents. 'The coarser constituents 
not only lagged behind but the conditions of production as well as those of 
transportation and deposition were also not favourable for the rounding of 
these products to any marked extent. 

The subseguent increase in declivity then, would have as immediate result, 
a rejuvenation of denudation processes. 'The competencies of the streams would 
be highly increased, the loads would edual the capacities of the streams to a 
marked extent, since much debris is available; in fact, transportation and 
deposition would proceed at a high rate. 

1t also follows that, since the crustal disturbances did not take place 
Suddenly, the smaller constituents would be removed in preference to the coarser 
ones. 'This type of selective removal of fragments duite probably resulted in 
the deposition of the lowermost portions of the Upper Enon red beds, which 
consist almost wholly of small fragments of TMS. materials. 

As faulting advanced, the ungraded condition of the transportation and 
deposition surfaces, became more pronounced, coarser loads were set in motion 
while the ratio of coarser to finer constituents was increased. 'The decrease 
in the ratio of finer to coarser constituents resulted in a decrease in the abrasion. 
This would account to a certain eztent for the extreme angularity of the rock 
fragments. Where these heavily-laden streams debouched to the south of the 
fault-line, rapid deposition took place. Very little sorting could have taken 
place and the constituents became orientated in an extremely haphazard way. 
It is also to be expected that these deposits overlapped the preceding sediments 
to a certain extent. The prevailing conditions again favoured a mass 
transportation while a state of mass deposition is reflected in the constitution 
and haphazard manner of assemblage. In fact, one is led to infer that a 
period of gigantic fan formation set in. Such a process would appropriately 
explain the mode of origin of the resulting deposit which, therefore, deserves 
to be termed a fault-scrap scree on account of its extreme angularity and the 
way in which small and large constituents are associated. 'The impersistent 
red sandstone lenses indicate slight variations in the currents depositing their 
materials, while the increase in the sizes of the constituents as one succeeds 
in the deposits, points towards a steady increase in the competencies of the 
Ccurrents. This indicates an increase in the rate of basining whereby the gradient 
of the confined area was markedly increased. Although denudation (especially 
the process of down-cutting, effected by the extreme erosive potentiality of 
the streams) was proceeding at a maximum rate, there is no evidence to 
assume that the arch o: TM.S. was denuded to such an extent that Cango 
beds were exposed. 

'The red colour of the deposit is also of some interest. Oxidation must have 
been dominant. 'The TMS. boulders often show oxidised rims while others 
may be wholly oxidised. Some boulders show rough surfaces only in parts. 
It is highly probable that such boulders were broken during transportation and 
this shattering, therefore, also gives an indication of the severity with which 
transportation was accomplished. 

There is no available evidence to suggest that the period of sedimentation 
during the closing stage of lower Cretaceous deposition, outlived the process of 
crustal deformation. 

Everywhere in the Oudtshoorn basin the contact between the Cango beds 
and the Cretaceous sediments is a tectonic one. On the other hand, it seems 
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possible that deposition could have taken place after the crustal movements 
had ceased: that subseguent denudation not only destroyed the T.M.S. arch 
covering the Canso formation, but that Cretaceous deposits, formed subseguent 
to the cessation of faulting, were afterwards removed to such an extent that 
the actual tectonie relation could be exhibited. Since the throw of the Cango 
fault proves to have been differential, it is highly probable that Cango rocks 
were actually exposed on the up-throw side of the fault where the throw was 
relatively the greatest. 'The down-throw of the fault proves to have been 
considerable as shown by the fact that the Upper Enon red beds to-day dip 
towards the fault-plane. 'The severe denudation which followed the period of 
Cretaceous sedimentation was obviously so efficient as to have removed some 
very interesting and important evidence dating from the closing stage of 
Cretaceous deposition in the Oudtshoorn area. This denudation also seems to 
have arrested the cycle of lower Cretaceous deposition prior to its completion. 
A new geological cycle was introduced whereby the landscape was shaped 
according to Upper-Cretaceous and 'Tertiary conditions. 


IX. THE AGRICULTURAL SIGNIFICANCE OF 'THE 
CRETACEOUS SEDIMENTS IN 'THE OUDTSHOORN AREA 


In addition to the potentiality of the Enon rocks as a soil-forming formation, 
the sandstones themselves are of no inconsiderable importance. In the 
Oudtshoorn area these sandstones are extensively used as building-stones. In 
the first instance, the bedding- and cleavage-planes permit the dislodgment of 
beautiful blocks which can then be reworked. Secondly, the relative softness 
of the sandstones makes the shaping of building-stones to any reduired form, 
a very easy task. 'The Enon sandstones are easily accessible since they underlie 
the fiats of the Oudtshoorn valley and since they are also nearer than any 
other source of building-stones. ln fact, practically the whole of the towns 
of Oudtshoorn and Calitzdorp have been built from these sandstones. 

The parting of the sandstones along bedding- and joint-planes also enables 
the rock to be obtained in the form of pillars. Since wood is not abundant in 
this area, these pillars are locally made use of in the construction of fences. 
Furthermore, the gravelly units of the Enon beds are also duarried as a natural 
gravel, which is then used to repair roads. 'The more compact varieties of 
the sandstones are also used as whetstones by the local farmers, since the 
friable nature of the sandstones promotes an abrasive effect which is redguired 
in the process of sharpening axes, etc. 

From the agricultural point of view, the (Oretaceous sediments present 
some points of interest. It must be remembered that the Oudtshoorn valley is 
a very densely populated farming area as a result of the high degree of fertility 
of the soil. 

Although the area lost its original prestige as an outstanding producing 
centre of ostrich feathers, some farmers are still rearing ostriches and in all 
cases the proposition seems to be highly profitable. 'The most important product 
of the Oudtshoorn valley, however, is lucerne, the producing fields being localised 
all along the Olifants River and its main tributaries such as the Grobbelaars, 
Wynands and Vlei Rivers. Tobacco is also produced on a large scale at 
Schoemanshoek, Buifelskloof and Le Roux, while the vine industry produces 
large duantities of raisins especially in the Calitzdorp-Gamka area. 
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Since the rainfall in this area is very low, usually 9-10 inches per annum, 


large-scale use is made of irrigation schemes, the most important scheme being 
that of the Kamanassie. 


The soil of the Oudtshoorn valley may be classified into two types. 

(a) Alluvial soil which is mainly confined to the banks of the main river 
channels. It consists of a dark-grey silty soil and is in fact the result of 
reworked and decomposed Enon sandstone and clayey units, together with 
smaller additions of soil-forming constituents from the surrounding formations. 
This alluvial soil is of extreme agricultural importance since it is extra- 
ordinarily fertile and since its location near the main river channels makes 
irrigation possible. Nearly all the lucerne-fields, tobacco-fields and vineyards 
are to be found on this type of soil. 


(b) 'The other type of soil is produced by the decomposition of the 
fine-grained divisions of the (Cretaceous sediments. (Generally, where not 
concealed by surface limestone, a dark to deep-brown soil is formed. Since 
this type of soil is exclusively confined to the higher lying flats, irrigation of 
this soil has been found to be an expensive process. Only occasionally, as at 


Rietfontein, where conditions are suitable for irrigation, is this soil subjected 
to cultivation. 
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Peculiar mode of weathering of Upper Red Beds at Buffelskloof. 

Showing difference of vegetation on either side of the faultline. 
(North of Calitzdorp.) 

Alteration of sandstone and conglomeratic units. 

Alteration of fine and coarse conglomerates. 

Wedge-shaped lens of sandstone at Welbedacht. 'The white spots 
are made up of powdry gypsum. 

Crossbedded sandstone at Nooitgedacht. 
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Ph. 7. “Venster” in the Upper Red Beds at Buffelskloof. 

Ph. 8. Ridged-up basal Enon east of De Rust. 

Ph. 9. Sandstone lenses abutting against conglomeratic units. 

Ph. 10. (Crushed boulders of Enon conglomerate east of De Rust. 
Ph. 11. Gritty and standstone lenses overlain by conglomerate. 

Ph. 12. Clayey lens succeeded by shale-conglomerate. (Nooitgedacht. 
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The Eerste River is one of the largest catchment channels with headwaters 
in the Klein Drakenstein Mountains and draining into the sea in False Bay. 
From its source to its mouth this river is approsimately 25 miles in length 
and it is estimated that it drains an area of almost one hundred sduare miles 
in extent. The highest point in this catchment area is Sneeuwkop, some 5,200 
feet above sea-level. 

A variety of rock types is encountered along the course of the Eerste River. 
Along its upper reaches in Jonkershoek, it flows through thick Table Mountain 
Sandstone talus overlying the Cape Granite. Further downstream it flows 
through the alluvium of the Stellenbosch flats, the shales and cordierite horn- 


Klepmuta Hi11 


Kanonkop 


Simonsberg 
4710" 


ad 


JE Helshoogte 


Bangboek 
Bootmanskop 
2968" 


EE Tin Feaks 
/ 5160" 


|/spellenbosebbedg N 
j 3824" 


e] 
af 


sHekukop 
Ee 


Mecasser Downs 


Tidal Estuery 
Eergte Riv2 


PG. 1. 


stones of the Malmesbury Series in the vicinity of Papegaaisberg, then through 
granite again before it traverses the partially metamorphosed Malmesbury beds 
near Faure, until finally, it flows through the calcareous sands of the Cape 
Flats to enter the ocean in False Bay. (See Fig. 1.) 

'The normal direction of flow of the river should be S.W. because it is 
considered that the major control on the genesis of this drainage system has 


242 


been exercised by regional slope. Scattered remnants of higher flow levels border 
the present drainige basin, and their general slope in this region is $.W. That 
part of the stream conforming to this direction of induced flow is, therefore, 
considered as being conseguent to the primary slope of a pre-esisting and former 
more extensive erosion surface. When the plan of the Eerste River is studied 
a rather unusual pattern is presented. It will be noted that from Stellenbosch 
the river flows in the normal conseguent S.W. direction down to Faure. Below 
Faure, however, it makes an abrupt turn to the SE. At Stellenbosch it again 
swings almost at right angles into Jonkershoek. Owing to these peculiarities 
in the course of the river it will be more convenient to treat the river in 
three sections: 


1. Jonkershoek Area. 
92. Stellenbosch to Faure. 
3. Faure to False Bay. 


1. JONKERSHOEK AREA 


During the last period of uplift which was experienced by the Southern 
Cape Area, we can safely assume that the Eerste River erxisted as a normal 
conseduent river, flowing in a $S.W. direction to the sea and with headwaters 
in the Klein Drakenstein Mountains, Simonsberg and Helshoogte. 

Sometime prior to this period of uplift, crustal movements had caused 
faulting to take place. It is not clear what type of faulting took place, but 
it is thought that the Jonkershoek fault consists of a number of parallel fault 
planes. Evidence of this is found at various points, as at Twin Peaks, 
Swartboskloof and in the region of the Second Waterfall, where tributaries of 
the Eerste River have made use of these weak planes in the extension of their 
channels. Evidence of a 1,500 foot displacement that occurred when faulting 
took place is observed if one studies the respective heights of the base of 
the TM.S. beds on either side of the Jonkershoek valley. 'These T.M.S. beds 
in Stellenboschberg not only dip E. into the valley; but also towards the head 
of the valley, that is SE. At the head of the valley, however, the beds appear 
to retain their original position. This fact seems to indicate that the beds on 
the west of the valley suffered displacement by hinge-type faulting. 

Tt is now duite evident that a tributary of the conseduent river system, 
discovering this fault zone, a belt of weakness and relatively easy erosion, started 
rapid channelhead-carving along it. As this headward carving and extension 
took place more rapidly along the fault zone than was the case with the other 
tributaries of the system, this fault zone tributary eventually became the main 
channel of the system due to increased volume and conseguent increased erosive 
powers. 

It is duite conceivable that the length of the valley is dependant on the 
rate of channelhead cutting, but its width is entirely out of proportion to the size 
of the stream now occupying its bottom. It would be safe to assume that the 
width of the valley could be attributed to groundwater sapping, due to the ideal 
local conditions inducive of such a process. 

The T.M.S.-Granite junction in this environment is an important ground- 
water horizon in so far as the Lower Shale is totally absent for the greater extent 
of the Jonkershoek valley. 'The weatherable and resultant clay-rich granite, 
therefore, acts as a floor to the perched aduifer, though in turn it is removed 
from under the T.M.S. 'This process of weathering and erosion causes blocks of 
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T.M.S. to break away and roll down the slopes forming the present thick talus 
mantle of TM.S. on the granite floor of the valley. 

In the vicinity of the Second Waterfall it is interesting to note the relation 
between the tributaries of the Eerste River and the fault planes. Slickensides 
and fault breccias are found in abundance and further bear out the supposition 
that parallel faulting took place in Jonkershoek. Tt is probable that the main 
stream above the Second Waterfall was well established and could not be 
diverted along the fault plane, but formed a huge pothole in the fault area. 
Below this deep lakelet the stream flowed over very hard duartzites, and, in 
keeping pace with the scouring of the lakelet, the stream cut a deep winding 
channel with many smaller potholes carved out of the solid rock. It appears, 
therefore, that that part of the river upstream of the Second Waterfall is older 
than the part immediately below it. 'This part of the river may be considered 
composite. 


/ 


FIG. 2 


Effect of Alluvial Fan-building by 'Tributary into Main Channel. 
Jonkershoek Valley. 


The Jonkershoek valley is in reality the Piedmont region of the Eerste River 
system because along its whole length one finds a series of alluvial fans at 
the base of each little tributary. A particularly fine example of one of these 
fans is found at the base of Bosboukloof. This fan is about 200 yards long 
and is of such thickness that it has succeeded in causing the tributary to 
fork round its apex. The fan is about 20 feet thick and a duarry in it indicates 
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how the stream which deposited it must have had its volume diminished 
progressively, for at the base, coarse material is encountered while at shallower 
depths from the fan-surface finer material is found. This fact leads one to 
believe that the fans in the valley were deposited, during a period when the 
area enjoyed torrential downpours, by swift sediment-laden streams depositing 
their loads on reaching the comparatively flat valley floor (Fig. 2). 

At various points these fans have affected the course of the main stream. 
In one instance it was noted how a big fan that was built into the stream 
channel had caused the stream to swing out of its course to such an extent 
that it carved deep banks in granite on the opposite side of the fan. 'The 
fans which formed at the base of Swartboskloof and Twin Peaks kloof, combined 
With landsliding on a small scale, succeeded in damming the river to such an 
extent that a marsh of considerable size has been formed in the valley. 'That 
this marsh is acting as a temporary baselevel to that portion of the river above 
it is apparent if the relative rates of flow above and below are noted. Above 
the marsh the water is flowing very slowiy while below it is flowing fast and 
the stream has cut a deep channel. 

As far as can be noticed superficially the granite in this portion of the river 
has played no important part in the determinsation of the actual course of the 
river, but near the Forest Department Offices it is interesting to note how a large 
granite outcrop has diverted the river considerably from its course. 'The reason 
for the river in Jonkershoek flowing on the west side of the valley may be 
put down to the fact that the relative heights of the T.M.S. beds on the respective 
sides of the valley is different. ITt is evident that on the eastern flank erosion 
and weathering of the granite continued at a more rapid Tate than on the 
west, due to it being less under the protective infiuence of the T.MS. 'This 
resulted in a valley shift to the S.W., the N.E. flank being carved to mature 
form by active tributaries. 

At the mouth of the Jonkershoek valley one notices a terrace-like form in 
the surfaces flanking Stellenboschberg and Bootmanskop. (See Plate I, Fig. 1) 
The fact that the river carved out this valley leads one to believe that it was 
responsible for the formation of the “terraces', and the only way in which the 
river could have accomplished this under local conditions is by periodic elevation. 
These uplifts would result in the rejuvenation of the river causing active down- 
cutting followed by a period of lateral cutting while in the resting state. (See 
Plate 1, Fig. 2.) 'This lateral cutting also could be held responsible for the 
abnormal width of the valley, in conjunction with groundwater sapping. 


2. STELLENBOSCH— FAURE AREA 


Where the Jonkershoek valley opens onto the Stellenbosch flats, a rather 
extensive island is encountered which is considerably larger than any islands 
found in Jonkershoek or further down the river. 'This island was probably 
formed by the river depositing part of its load on entering the flats or it 
may have been formed due to the sudden change that the river makes in its 
course from N.W. to $S$.W. Many small islands are encountered at freguent 
intervals in the river downstream of this point and were probably primarily 
formed by obstacles in the river causing deposits to accumulate on their 
upstream side, allowing vegetation to take hold and so preserve them. 

The town of Stellenbosch is situated on the valley-flat portion of the river 
system which is known as the Stellenbosch Flats. 'These flats occupy an area 
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adjacent to the three main streams which drain the Surrounding mountains 
and consists of a mass of waterworn TM.S. boulders, intermingled with sand 
and clay-alluvium, which .shows considerable stratification. 


FIG. 8. 


Three stages in the development of the Stellenbosch Alluvial Flats 
and 'Terraces. 
A — First Terrace rim. B-— Second Terrace rim. 
Horizontal ruling: First stage alluvium. 
Vertical ruling: Second stage alluvium 
Blank (inside contour): 'Third stage alluvium. 


In this area it is interesting to note the alluvial terraces which conform 
roughly to the trend of the Eerste River in its present course (Fig. 8). 'The 
first terrace (A) is situated in the vicinity of the golf course and is about 
40 feet above the present river level. 'The second (B) is larger and longer 
than the first and is nearer the river, being only about 20 feet above river 
level. 'The third terrace (blank space in contour) is situated in the southern 
portion of the flats. According to this evidence, then, it would appear that 
the alluvium of the Stellenbosch flats was deposited at the confiuence of the 
three rivers concerned during the time when the area was enjoying torrential 
rainfall. 'The tremendous boulders that are encountered in the alluvium could 
not possibly have been transported by the rivers for long distances, but one 
can assume that they were loosened by groundwater sapping and then partially 
rounded by the streams concerned in slow transport and in situ. 'The terraces 
would be accounted for in the same way as the terraces in the Jonkershoek, 
that is, successive periods of uplift followed by downcutting and subsedguent 
lateral cutting during periods of rest. On the south flank of Papegaaisberg, 
too, one encounters erosion terraces which further bear out the supposed 
periodic elevation of the region. 

Although the speed with which the river flows here is contrary to the 
relative age of the river indicated by the presence of islands, the truth is 
arrived at if the tributaries are examined. All the tributaries are accordant with 
the main stream and have a resultant relatively low gradient, as witnessed by 
the Kromme-Plankenburg confiuence with the Berste River. 


Fig. 1. Mouth of Jonkershoek Valley showing “terrace” forms Tflanking 
Bootmanskop (eft) and difference in elevation of 'T.M.S.-Granite contact on 
left and right fianks of he valley. 


Fig. 2. Incised flowlevel of the Eerste Fig. 3. Oross-bedded semi-consolidated 
River in upper end of Jonkershoek dune sands at the Kramat (Macasser 
Valley. Downs region). 


Fig. 4. 'Tidal estuary of the Eerste River blocked by sand bar seawards. 
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Along this portion of the Eerste River a series of damlets can be observed, 
caused by the occurrence of granite outcrops in its bed. 

On the south side of the main stream a tributary is encountered, running 
parallel to the former for some considerable distance. Here it is interesting 
to note that due to uplift, this tributary has incised meanders into the alluvium 
in order to remain accordant with the main stream. 

From this point downstream the river crosses a broad tract of granite through 
Which it flows, and a mature undulating surface becomes the dominant 
topographic feature. Here and there granite outerops occur, but on the whole 
the granite is deeply weathered. Drilling operations in the area have indicated 
it to be weathered to at least 200 feet in parts. 

In this area one also notes that west of the river there are egtensive 
floodplain surfaces, considerably larger than those found on the south side. 
This is probably due to the fact that the west bank is slightly lower than the 
east bank, with the result that the former is usually damp and in the winter 
months, when there is heavy rainfall, it is distinctly waterlogged owing to the 
proximity of the watertable to the surface. 

Slight evidence of terracing is found here but at Faure a prominant terrace 
is observed on the east side of the river. At this stage the river is flowing 
very slowly and appears to be near to, or at grade. 


3. FAURE 'TO FALSE BAY 


From Faure the river meanders slowly through the sands and alluvium 
of the southern Cape Flats. Above the Kramat the Kuils River joins the 
Eerste River but it a very insignificant tributary. Here the river flows adjacent 
to an undercut bank of coastal deposits— the Macassar Downs, which have 
been consolidated into false-bedded calcareous sandstone. (Plate I, Fig. 3). 
Shells, present in this sandstone point to its marine origin. 

Formerly the river probably f#lowed relatively straight to sea, but due to 
the formation of a storm-bar, thereby blocking the river, the fairly extensive 
marsh shown on the map was formed. 'That this period of stoppage prior to 
its finding a new outlet, was a lengthy one, is indicated by the depth of black 
alluvium in the Kramat area. Here a considerable tract of swamp is encountered, 
the river is braided and choked, and the prozimity of the dunes to the river 
indicates that it is being progressively shifted by this agency. 

The whole Kramat area appears to be one of aggradation. 'The swampy 
part of this area seems to be serving as a temporary base-level for the lower 
Eerste River as it is noticed that the river flows comparatively fast until it 
reaches another sandspit, forming across its mouth. Here again, the river is 
forced out of its normal S.W. course to find an outlet to sea further south. 
Above the first swampy area the river flows very slowly as can be observed 
at Faure. lLandward of the second sandspit the river has, as a result of the 
slow uplift, been converted into a tidal marsh. (Plate I, Fig. 4.) 

This littoral portion of the Berste River is interesting in as far as we 
find here, how the combined effects of longshore currents forming sandspits, 
SE. winds forming dunes, and uplift of the continental shelf have caused the 
diversion of the river at its mouth, in addition to its conseguent lengthening. 

Finally it is of interest to note that measurements of streamflow made by 
the Forest Department reveal that there is an incredible fluctuation of water 
in the stream course during the year. In winter months as much as 5,000 cubic 
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feet per second have been registered while in summer months as few as 
4 cusecs have been measured. Owing to irrigation, therefore, it is not surprising 
to learn that in the summer months the water of the Eerste River does not 
reach the sea. Actual fiooding is a rare occurrence. 'The last flood of any 
importance occurred during July, 1918, when much damage was done to roads 
and railways. 'The vineyards which border the river from Stellenbosch to Faure 
were completely inundated and severe damage was suifered by farmers whose 
vineyards were situated on the floodplains of the river. 
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1. INTRODUCTION 


Although the distribution of ground water in the dolomite is generally 
considered to be highly erratic, it is probable that a careful consideration of 
the factors and processes by which it may reasonably be expected to have 
been controlled, might be decidedly helpful in the development of future supplies 
Had the dolomite formation been completely homogeneous the likelihood of 
successful boring would have been much smaller; but the presence of impervious 
layers of interbedded chert may lead to the establishment of a circulation 
control. It will be shown that impervious barriers strongly infiuenced the 
movement and distribution of the subsurface water on the Far West Rand. 

The present paper is the outcome of a series of observations made during 
a period in which the writer was employed as a topographical and geological 
surveyor in the area under consideration. ln writing this report the writer 
was unfortunately handicapped by the lack of a detailed topographic and 
geologie map and also by the absence of sufficient statistics. 


II. TOPOGRAPHY AND SURFACE COVERING 


The Far West Rand Area comprises a narrow strip of country, stretching 
from Krugersdorp in the east to the Mooi River in the west along the southern 
limp of the anticline between Randfontein and Ventersdorp. 'The surface is 
mainly a low plain or basin, elongated from east to west along the outcrop 
belt of the Dolomite Series (see accompanying geological map). In the south 
the basin is flanked by the Gatsrand, a 300 to 500 foot high strike range, 
Capped by resistant Timeball Hill guartzites; in the north it is bordered by a 
1ow but parallel and persistent ridge—the axis of the anticline — composed 
of Old Granite, Witwatersrand and Ventersdorp rocks under a thin capping 
of Black Reef dguartzites. Small hills of chert occasionally interrupt the 
monotony of the dolomite landscape, especially towards the south near the 
upper dolomite contact, where the chert attains its masimum development. In 
the western section of the area these hills form a more or less persistent 
ridge, parallel to the Gatsrand, and about two miles north of it. 

The centre of the basin is occupied by the westward flowing Wonderfontein 
Spruit, the course of which is conspicuously marked by a strip of cultivated and 
irrigated land. 'The spruit is kept in flow throughout the year by natural 
springs or “eyes” which occur at different points along its bed. 'The water 
is usually conducted along artificial channels for purposes of irrigation; but 
in earlier days, before it was employed in this manner, it used to disappear 
again into the stream-bed after following it for a short distance only. 'The 
black soil along the flanks of the spruit is by far the most fertile and productive 
in the area. 

The Wonderfontein Spruit constitutes the main drainage channels and is 
the only permanent stream in the area under consideration. It commences at 
Luipaardsvlei and continues westward at a low gradient across Venterspost, 
Blaauwbank, Oberholzer and Welverdiend, ultimately joining the Mooi River 
a few miles north of Frederickstad. Its length is about 50 miles and its 
catchment area probably in the neighbourhood of 800 sduare miles. 
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The surface of the dolomite basin is covered by a thick overburden of 
red soil which supports an abundant growth of “suurgras.” Solid rock 
occasionally crops out in the shape of small flat “domes” or “humps” of a 
dark-grey colour and with rough, pitted surfaces; this type of outcrop having 
earned for the dolomite the name of '“olifantsklip.” Where the rock is 
interbedded with bands of chert, the outcrops weather to flat tabular blocks 
in which the alternate and more resistant chert bands protrude beyond the 
dolomite layers along the perimeter. 'This gives the well-known “sandwich 
structure.” The surface of the dolomite is often littered with smaller slabs 
of grey and white residual chert. 


INN. RAINFALL AND PERCENTAGE INFILTRATION 


The area has a summar rainfall averaging about 24 inches per year. A 
large percentage of this is absorbed by the thick overburden and added to 
the ground water table below. Floods are freguent, yet the total run-of is 
always small, the flood-waters disappearing remarkably swiftly; surface streams 
cease to flow within a few hours, not one remaining in flow the day after the 
rain as a feeder to the Wonderfontein Spruit. According to du Toit “the 
infiltration — in the case of the flat lying dolomite near the Rand — amounts 
to as much as 11 percent of the rainfall.” In the area under discussion it 
is not impossible that this figure may even be higher. 

If the basin area of the Wonderfontein Spruit be taken as 800 sguare miles, 
the annual rainfall as 24 inches and the infiltration as 11 percent. (89 percent 
being lost by evaporation and run-off), then the amount of ground water 
derived from the rainfall each year in this area approimates 46,333 million 
gallons, a volume practically edgual to 3 cubic miles. 


IV. WATER-BEARING CHARACTER OF 'THE DOLOMITE 
FORMATION 


1. INHERENT PROPERTIES 


a. Stratigraphy: 'The Dolomite Series constitutes the middle member of 
the Transvaal System, and attains a maximum thickness of about 4,000 feet 
on the Far West Rand. Dipping to the south at approximately five degrees, 
it forms a belt about 12 miles wide between a narrow outcrop of Black Reef 
on the north and a much wider zone of Pretoria beds on the south. 'The 
topography of the area is clearly an expression of the geological succession, 
the low plain in the centre tracing the outcrop of the Dolomite Series while 
the strike ridges on the north and south indicate the outcrops of the more 
resistant Black Reef and 'Timeball Hill duartzites respectively. 

b. Lithology: 'The dolomite is essentially a compact crystalline calcium 
magnesian carbonate rock with alternating thin bands of carbonaceous shale 
and chert. lron and manganese carbonates are present in small auantities, as 
shown by the following composition, the average of ten analyses duoted by 
T. N. Leslie and du Toit: CaCO, 48.4%, MgCO, 40.6%, FeCO, 1.8%, MnGO, 2.9%, 
SiO, and silicates 5.2% (3). The carbonaceous shale bands attain local importance 
though they are generally impersistent and their distribution is somewhat 
erratic. 'The chert increases in abundance upwards and attains its mazimum 
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development just below the contact with the Pretoria Series. 'The bands range 
from a fraction of an inch to a few feet in thickness, and are often marked 
by the presence of oëlites. A strongly developed chert breccia (giant chert) 
denotes the upper contact of the Dolomite Series. 

The dolomite varies from coarse to finely crystalline, and from light grey 
to dark grey in colour. It may be massive but usually shows a fine wavy 
lamination. Stylolitic structures are common, more so, apparently in the lower 
horizons. A zone of brecciated limestone sometimes occurs near the base of 
the dolomite while the contact with the Black Reef is usually marked by a 
pronounced development of carbonaceous shale. 'The Black Reef ranges in 
thickness between 20 and 60 feet (7) and is composed largely of carbonaceous 
shale and guartzite with thin bands of conglomerate interbedded in the latter. 


C. Porosity: Under porosity we shall intimate the intergranular pore-space 
in the undisturbed rock. In the case of the dolomite this has been found 
to vary from (0.0 to 0.3 percent, a figure obviously too low to account for the 
high water-bearing capacity of this formation (4). With the dolomite, however, 
the water-bearing capacity is determined not by porosity but by the 
comparatively high solubility of the rock. 'The low porosity is nevertheless of 
great significance in that it renders the rock almost completely impervious to 
percolating water, thus helping to localise the solvent attack and hence the 
ultimate distribution of the ground water. 

d. Solubility: 'The water-bearing capacity of the dolomite is, therefore, 
the outcome of its solubility. Although pure water is already an efficient solvent, 
solution is greatly enhanced in nature by the addition of small charges of 
CO, gathered from the atmosphere and from decaying organic matter in the 
soil. One would expect pressure also to infiuence the solvent action of the 
water, especially in the lower reaches of the channelways, but this is not 
confirmed by observations either on the Far West Rand or elsewhere. Johnstone 
and Williamson found that “the solubility of limestone is not affected by 
pressure, except as pressure affects the amount of carbon dioxide that can 
be held in the dissolving water.” 'This is also the opinion of Davis who attaches 
little importance to either pressure or temperature (1). 

According to Davis “the calcite of limestone rock is soluble in about 30,000 
parts by weight of pure water, but is seven times more soluble in water charged 
with carbon dioxide under ordinary atmospheric pressure” (1). 'The solubility 
of the Transvaal dolomite seems to lie in this neighbourhood too, for desecribing 
the springs of the Wonderfontein Spruit, du Toit writes: “The waters are 
charged with carbonates of lime and magnesia, the proportion of such solids 
ranging from 14 to 24 parts per 100,000, with an average of 20 per 100,000” (3). 

H. F. Frommurze apparently draws a distinction between the solubility of 
the lime and magnesian elements of which the dolomite is compounded; for 
in discussing the solvent action of water on the dolomite he writes: “Generally 
all the CaCO, is carried away in the solution while the MECO,, iron oxide, 
silica, . . . . Temain behind.” (5) 'The presence of magnesia in the water 
and the absence of residual deposits of MsCO, seem, however, to contradict 
this statement. It seems more acceptable, therefore, that the lime and magnesia 
are both taken into solution, probably in the proportion in which they enter 
into the composition of the dolomite, and that the CaCcO, may subseguently 

electivel recipitated. 

o . N EI ingredients of the dolomite formation, the FeCO,, 
MnCO,, silica and silicates, are left behind to fl the solution cavities and to 


@ 


254 


form the red sandy soil, so typical of dolomite areas. 'The latter is usually 
mixed with, and sometimes underlain by a large amount of chert rubble, “the 
whole often exceeding 100 feet in depth.” Small superficial concentrations of 
laterite and pyrolusite are suggestive of the original presence of FeCO, and 
MnCO,. 

It may be added here that if the above figure of 3 cubic miles be accepted 
for the annual volume of ground water supplied by the rain in the 
Wonderfontein basin, and if the solvent capacity be taken as 20 in 100,000 
then the order of magnitude of the total volume of lime and magnesia taken 
into solution each year in this area could be in the vicinity of 5,000 cubic 
yards. Much of this may be redeposited, but there can be little doubt that 
a large duantity is certainly removed. 


2. “ACCIDENTAL” FACTORS 


a. Regional Geology: In the Far West Rand, the Dolomite and Black 
Reef Series rest unconformably either on the Ventersdorp or the Witwatersrand 
or on the Older Granite. 'The former consists of a variable thickness of dense 
impervious lavas, wedged in between the low dipping dolomite and the more 
steeply inclined Witwatersrand sediments and Older Granite. The Witwaters- 
rand beds consist of a series of impervious shales and silicified guartzites 
whose strike makes an obtuse angle from south-south-west in the eastern 
section to due west in the western while the dip decreases progressively from 
about 45 degrees towards the east-south-east in the northern portion of the 
Venterspost mine, to about 30 degrees at Libanon and about 25 degrees to the 
south in the Blyvooruitzicht mine. Deep fissure water is freguently encountered 
by the mines in these beds, even at depths below 4,000 feet. 'The Older Granite 
has great structural significance since it is responsible for the anticline on 
the southern limb of which the area is situated. 

bD. Faults and Joints: On account of the low porosity of the dolomite and 
the absence of pervious layers, the water supplied by the rainfall can enter 
into the rock and circulate within it only along channelways originally supplied 
by faults and joints. These are well represented on the Far West Rand, and 
their distribution has been studied by N. Tham from evidence supplied by 
outeropping duartz veins. 1Tt is only in the youthful stage of a channel systems 
history that the distribution of the water follows that of the fault and joint 
system, for, with continued circulation the fissures are gradually widened and 
extended, chiefly by solution but also by corrosion, until in the end a highly 
elaborate network of caverns and passages has been produced. Such an 
advanced stage of subsurface solution is likely in any area that has passed 
through a long period of subdued erosion, and this stage has probably been 
attained in the Far West Rand, as will be seen from later evidence. Since 
the present distribution of the ground water in such an elaborate system is, 
therefore, largely the outcome of a process of evolution, the latter will have 
to be considered with care. 'This will, however, only be possible after the 
function of the most important factors has been considered. 

c. Dykes: Owing to their low porosity and relatively higher insolubility 
the dykes assume the role of barriers to circulating ground-water and at the 
same time promote the solution of the dolomite along and in the vicinity of 
their contact planes. 'The Far West Rand is traversed by at least six dykes 
(see accompanying geological map); they all strike approximately north and 
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south, thus dividing the area into a series of so-called “compartments.” 'Their 
damming effect on the underground water is illustrated by their relation to 
the natural springs occurring along the bed of the Wonderfontein Spruit. 
Five of these springs, viz. those at Gemsboksfontein, Venterspost, Wonderfontein 
34, Wonderfontein 65 and Turffontein are situated on the eastern contacts of 
the respective dykes. 'The yields of the first two are slight in comparison with 
those of the others which average 10,000,000, 13,000,000 and 5,000,000 gallons 
per day respectively (5). 'The fact that the different springs are all situated 
on the eastern sides of the respective dykes, strongly suggests that the underflow 
is in a westerly direction, ie. in the direction of the main surface drainage. 

The Venterspost spring is situated about two miles west of the Venterspost 
mining property on which there are several widely spaced boreholes, proving 
the existence of a more or less horizontal water table at the same elevation 
as the surface of the water at the site of the spring. 'The dyke is, therefore, 
responsible, not only for the spring, but also for the level of the water table 
for a considerable distance on its eastern side. If a similar effect is assumed 
for each of the other dykes, the water table below the bed of the Wonderfontein 
Spruit must be pictured as descending in step-like manner from east to west, 
each successive step being terminated by the next transverse dyke, at the lowest 
point of which the overflow occurs. 

It should, however, be borne in mind that the dykes are not completely 
impervious, and that they do not, therefore, divide the area into real 
“watertight compartments,” for although the springs are caused by these dyke 
obstructions, their unproportional vields prove that at least some of the water 
must either penetrate the dykes at depth or more around them if their 
continuity is interrupted. 'Their damming capacity is due to their relatively 
impervious nature as compared to the condition of “openness” existing within 
the dolomite. 'Their effect is comparable to that of an accumulation of dead 
leaves in a water furrow rather than to that of an efficient and watertight 
sluice. 

It may be added here that the insoluble chert layers interbedded in the 
dolomite, have a similar effect to dykes in that they may promote the selective 
solution of the dolomite along their contact planes. 'Their effect is, however, 
rendered far more significant on account of their more common occurrence and 
much wider distribution. 'They usually obstruct the descent of the water along 
the steeper channelways supplied by fractures and enlarged by solution, and 
in this way assist in the production of flat chambers or “galleries.” 'They 
obviously have a significant effect on the movements and the ultimate 
distribution of the water. 


V. EVIDENCE OF 'THE DISTRIBUTION OF THE 
GROUND WATER 


1. NATURAL SPRINGS 


Mention has already been made of the various “eyes” occurring along the 
bed of the Wonderfontein Spruit. Apart from providing the most direct 
evidence of the circulation of the ground water, they also illustrate (a) the 
local subsurface solutional effect of surface streams, (b) the controlling infiuence 
of topography on the underground circulation, and (ce) the barrier effect of 
the transverse dykes. 'The last has already been considered in some detail. 


` 
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(2a) As in the case of the Schoon Spruit, the Wonderfontein must at one 
time have been far more important as a river than it is at the present time. 
Harger writes: “During the flow of these streams the water gradually leached 
away bportions of their rocks beneath their beds, forming Caves and other 
channels for the seeping waters.” Such a channelway is suggested by the 
persistent disappearance of the water into its bed shortly after it had been 
brought to the surface by the impervious dykes. 

(b) But even if a larger river had never existed on the present bed of 
the Wonderfontein Spruit, the drainage would still have followed this line, 
for in a soluble formation like the dolomite, topography controls the distribution 
of both surface and subsurface water. It is only where the formation is strongly 
heterogeneous that circulation will locally proceed against the topography. 
This is the case in the chert zone near the southern boundary of the area. 

The Gerhardminnebron Eye is the only spring in the area that has no 
visible association with a dyke. It emerges from various points at the foot 
of an abrupt horse-shoe shaped depression beneath a number of disturbed 
dolomite hboulders. 'This depression appears *0o have been formed by the 
collapse of a former solution cavern that had probably been produced by the 
same stream that now emerges at the surface. 'The situation of this spring, 
especially with relation to the chert horizon, points to its origin in the more 
elevated region between the chert range and the Gatsrand. 'This suspicion 
is strengthened by the presence of caverns with circulating water on the farm 
Kleinfontein (36), and by the rapid flow of the spring in spite of its comparatively 
elevated position. 'The channelway from which it emerges is evidently not yet 
in adjustment with the bed of the Mooi River into which it empties. For 
this the barrier effect of the south-dipping chert beds is most likely responsible. 


2. SUBTERRANEAN CAVERNS 


These are encountered at several localities in the dolomite of the Transvaal. 
They usually occur within a hundred feet below the surface, and generally 
consist of an elaborate network of narrow, fissure-like and level floored passages, 
with lower but more extensive galleries in between. An excellent example 
occurs in the Wonderfontein Caves, situated alongside and underneath the 
bed of the Spruit, about three miles north-west of Oberholzer. 'The narrow 
passages extend upward for as much as 10 or 20 feet and are sometimes partially 
filled with dripstone. 'Their arrangement seems to conform to a rough 
rhombohedral pattern which was evidently determined by the arrangement 
of an ancient joint system. 

According to Harger the Wonderfontein Caves have been explored “for 
seven thousand yards without reaching the end (6). 'They seem to retain a 
level floor in an east-west direction, but descend slowly to the south in the 
direction of the Spruit. Millions of gallons of water are believed to pass daily 
through the channelways below the Spruit and the circulation follows the 
same direction as on the surface. 

The fact that stalagtites are now in process of formation in the aerated zone 
of the caves indicates that they could not have been formed by percolating vadose 
water. At the same time it proves that a certain amount of solution is being 
effected in the narrower confines of the fissures above. 'The reason for this 
apparent contradiction is probably to be found in the drier condition of the 
air in the caves as compared to the more humid state in the narrower fissures. 
The maximum amount of solution is accomplished immediately below the level 
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of the water table, this being the horizon at which the agitation is most violent. 
The narrow and almost horizontal galleries usually occur between parallel layers 
of chert, and are probably owing their origin to the selective removal of the 
dolomite. 


1 


3. DEEPER FISSURE-OPENINGS — EVIDENCE FROM 'THE MINES 


Although the accessible caves usually occur near the surface and are 
generally distributed more or less horizontally, shaft-sinking and diamond- 
drilling operations on the Far West Rand have shown that lesser openings may 
persist to depths of hundreds and even thousands of feet, while occasional 
faults may extend down to and even below the base of the dolomite. Openings 
below the water table are invariably water-logged although they generally 
contain in addition a somewhat compressed filling of black insoluble, 
manganiferous wad. 

The great depth below the water table and the high friction resulting from 
the narrowness of the fissures and the presence of the wad, render the water 
in the lower extensions of the fissures almost completely stagnant. Little or 
no solution is, therefore, accomplished below a few hundred feet. 

Some of the deeper water-bearing faults naturally extend into the underlying 
Ventersdorp and Witwatersrand formations. Where connections are found 
here with fault fissures and weathered dykes, elaborate networks of vertical 
seepage surfaces are created within these older rocks. Such water-bearing 
fissures when encountered during mining operations, are usually sealed without 
delay by injections of fiuid cement under pressure. 'This not only keeps the 
water out of the mine, but also prevents the widening of the deeper dolomite 
fissures by solution. 


4. SINKHOLES 


These provide one of the commonest features of the dolomite covered 
regions of the Transvaal. They are known to be products of subsurface erosion, 
followed by the collapse of the roof of subterranean caverns, but are usually 
assumed to have little relation to the present distribution of underground water. 
However, a fairly close relationship seems to exist in the area investigated, 
and this may also prove to be the case in the other dolomite regions. 

In the Far West Rand the sinkholes are distributed in two distinct belts: 
(a) along the chert zone north of the Gatsrand and (b) on the north flank 
of the Wonderfontein Spruit. 'The only important example in between these 
two belts occurs at Venterspost, about a mile south of the Wonderfontein Spruit. 
It seems probable that the sinkhole occurring on Driefontein (118), just north 
of the chert range, probably belongs to the southern belt. 

A remarkable fact about the Venterspost sinkhole is that a well-developed 
gravel, obviously a product of stream deposition, is exposed on its north-western 
edge. 'This gravel is most likely the relic of a larger deposit of a former 
streambed that subseguently foundered as a result of the collapse of the 
sinkhole roof. Several such occurrences in the diamondiferous gravels of the 
Ventersdorp district are described by A. L. du Toit (2). It seems to be a common 
association and further illustrates the solutional effect of surface streams on 
the subsurface dolomite. 

(a) 'The abundance of sinkholes in the southern belt must primarily be 
ascribed to the extensive development of chert. 'The chert layers have been 
shown to dip with the dolomite at an angle of about 5 degrees towards the 
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south. Bach of the chert layers provides a more or less effective barrier to 
the percolating water, obstructing its descent and its circulation northward, 
and diverting it in the direction of dip instead. In this way the water is 
kept at a comparatively high elevation (as compared to the water table below 
the axis of the Wonderfontein basin) and at the same time a maximum amount 
Of lateral solution is effected. 'The former is proved by the freguent occurrence 
of springs south of the chert belt (the names of the farms in this belt are 
significant), and the latter by the distribution of the sinkholes. 'The circulation 
of this “perched” water is probably in a general westerly direction, although 
the latter must locally be determined by the location of passages in the dividing 
chert. These are most likely to occur along the eastern contacts of the transverse 
dykes. 'The Gerhardminnebron Eye probably represents the main outlet of 
this perched body of water. 

(b) Just as in the case of the southern belt, the sinkholes north of the 
Wonderfontein Spruit testify to the extensive lateral solution produced by 
groundwater along the contact planes of insoluble chert layers. 'The latter 
is rendered more effective here than in the area between the two sinkhole belts, 
not because this is a greater abundance of chert, but on account of the fact 
that it dips in the direction in which the water normally tends to circulate, 
that is, towards the axis of the basin. On the northern flank solution is thus 
enhanced by the presence of the chert, while on the southern flank it is 
opposed. 'This explains the great ineguality in the distribution of the sinkholes. 


VI. EVOLUTION OF 'THE SUBSURFACE CHANNEL 
SYSTEMS 


Although the erosion of the dolomite in the Far West Rand probably 
commenced along the arch of the anticline now representing the northern 
boundary of the Wonderfontein basin, and although the erosional history was 
probably interrupted for long periods during which the basin was temporarily 
transformed into a site of deposition, the development of the present under- 
ground channel system may conveniently be considered to have commenced 
after the basin had acduired its present shape and to have proceeded from 
beginning to end without interruption. 
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Development of the Wonderfontein Basin (D-W). 


Showing evolution of Sub-surface solution openings: Dip-slope, mainly Galleries; 
anti-dip slope, mainly vertical fissures. W: Wonderfontein Spruit. 
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Solution openings may be imagined to have been started in the dolomite 
by carbonated rain-water seeping into the joints and fracture planes, especially 
at points of intersection. On account of the non-cavernous condition of the 
dolomite at this stage, infiltration was low and underground circulation slight. 
Erosion was, therefore, confined almost exclusively to the surface. A fairly large 
stream may be expected to have marked the site of the present Wonderfontein 
Spruit; tributary streamlets joined it from the hills along the north and south 


flanks, while a major tributary probably flowed into it from the east over 
the present Venterspost farm. 


With prolonged exposure the narrow fissures were gradually opened up 
by the solvent attack of the percolating water, while minute solution cavities 
were formed along the bedding-planes, especially along the upper contacts 
of the obstructing chert layers. Where the latter dipped in a direction in 
which the water could migrate, the openings along the contacts were rapidly 
extended in a lateral direction. 'This appears to have happened along the 
northern flanks of both the larger basin and the smaller valley occurring between 
the Gatsrand and the chert range. Between the latter and the axis of the 
basin the eirculation tended to proceed to the north as the chert layers dipped 
in the opposite direction. Here, the water was, therefore dependent on fissure- 
openings other than bedding-planes, for its circulation. 


The maximum rate of selution was attained immediately beneath the 
surface streams, especially below the bed of the main or central stream, since 
here the supply of percolating water was more constant than elsewhere in the 
basin. At first, the water-filled cavities below the bed resembled the descending 
roots of the stream. later on these roots started to form connections 
amongst themselves creating a more and more elaborate network and absorbing 
more and more of the water from the surface stream above. In the end 
these subsurface channels became so enlarged that they were able to store 
practically all the water from the stream above. 'This condition was attained 
in the Far West Rand not only below the central stream, but also beneath 
the tributaries draining the flanks. 


But while these channelways were being evolved below the streambeds, 
vertical fissures and flat galleries were slowly being opened up along fault 
planes and chert contacts in the upper reaches of the valley. As these openings 
were enlarged by solution the rate of infiltration increased at the cost .of 
the run-of. Less and less water reached the tributaries, and hence the main 
stream in the valley below. In this way the former importance of the surface 
streams was reduced. 


North of the central stream the rainwash may be imagined to have 
percolated down the more or less vertical fssures on to the insoluble chert 
layers below. From here the water under hydrostatic head followed the bedding 
of the chert and forced its way through the minute openings in the interbedded 
dolomite. Sooner or later it reached the saturated zone below whose surface 
all openings were completely water-logged. 'This was where the water spent 
the rest of its solvent energy and where the masimum development of galleries 
was attained. Where the water found a passage through the chert into an 
underlying layer of dolomite, the latter was slowly removed by solution until 
here too, a gallery had been formed. ln this way the water table was lowered 
and one gallery after another was 1eft abandoned in the aerated zone. Where 
the galleries had grown too wide, their roofs collapsed and sinkholes were 
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formed. 'This explains the presence of sinkholes in this area and also accounts 
for the abundance of residual chert on the surface. 


The same processes operated along the chert range in the south. 'The 
higher stratigraphic development of the chert here rendered it more effective 
as a barrier. 'This was, however, counterbalanced by the lesser amount of 
water available due to the smaller area of the catchment basin. Yet the 
evidence obtained from mining and diamond drilling operations points to the 
existence of abundant solution openings in this horizon. 'This is naturally 
supported by the evidence supplied by the sinkholes. 'The largest sinkhole 
in the entire Far West Rand Area occurs in the belt. It is situated on the farm 
Doornfontein 139 and measures 600 feet in diameter and 75 feet in depth. Just 
as in the case of the northern chert belt, the water percolates along the 
bedding to the south where, below the smaller valley, it joins the permanent 
water-body to circulate with it in a general westerly direction. As has been 
said, the Gerhardminnebron Eye probably represents the main outlet of this 
perched body of water. 

In the area between the two sinkhole belts the circulation (always in the 
direction in which the easiest outlet can be obtained) was obliged to proceed 
against the grain, so to speak. The fissures on which the water was dependent 
for its circulation were gradually opened up and extended so that more and 
more fredguent intersections were obtained. 'The elaboration of the network 
was accompanied by a gradual adjustment of the water-table to a less 
pronounced and more regular surface relief. 'The speediest adjustment may 
be expected to have taken place below the surface depressions (some of them 
former stream-beds) since they marked the sites of maximum concentration 
of surface rainwash. The most advanced stage of development has been attained 
below the bed of the Wonderfontein Spruit. 


VEL. SUMMARY 


It appears that the Far West Rand may conveniently be divided into three 
distinct water-bearing belts. In the southernmost belt the water is stored in 
sheets and layers which constitute a perched waterbody above the insoluble and 
impervious chert. 'The ground water gravitates to the south, joins the permanent 
body below the valley, then circulates to the west along Driefontein (105), 
Driefontein (118), Blyvooruitzicht, Doornfontein and Kleinfontein, uitimately to 
appear again at Gerhardminnebron. Minor leakages probably occur on the 
way along fault fissures and dyke contacts which drain into the adjacent and 
lower Wonderfontein basin. 


In the central belt the water occurs along vertical seepage surfaces 
constituting a sheet framework which is more elaborate below the depressions 
than below the rises. 'The maximum development is attained along the main 
subsurface drainage channel situated beneath the Wonderfontein Spruit. 'The 
Circulation proceeds to the west along water table streams which overflow from 
one dyke compartment into another. A fairly close correspondence probably 
exists between the respective patterns of the surface and subsurface drainage 
channels along this belt. In the northern belt the water seeps down the open 
fissures and abandoned galleries to join the reticulated water zone below. 
Circulation takes place in the direction of the main subsurface drainage channel 
from where onwards it proceeds to the west. 
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VII. CONCLUSION 


The importance of the ground water problem to the gold mines of the 
Far West Rand is pointed out by R. A. Pellitier: “In choosing sites for shafts 
in dolomite covered areas, it is particularly important, if at all possible, to keep 
them well removed from drainage channels, as in this formation the drainage 
is largely underground and water courses are liable to have concealed 
ramifications far beyond what one would expect from that which can be seen 
at the surface” (7). 'The foregoing consideration has shown that similar 
precautions should be adopted with regard to the upper chert zone in the 
dolomite. A highly cavernous condition must be expected along and south of 
the chert range, while immediately north of it, an unleached condition may 
be expected to prevail. 'The latter condition was proved to exist at Libanon 
and the former at Blyvooruitzicht. 
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ABSTRACT 


The physiography of the area east of Thabazimbi is briefly described 
and the relation existing between the drainage pattern and physical 
features is indicated. 

The distribution, structures and lithology of the various rock types 
constituting the Transvaal System, the Waterberg System and Bushveld 
Ieneous Complex, in this area, are discussed. 'The structural geology 
of the area is described in detail, and an explanation of the mechanics 
of deformation is given. The most probable mode of origin of banded 
ironstones in general is briefly discussed. 

The mineragraphy of the banded ironstones in (he area under 
consideration is described. Magnetite is considered as being the primary 
iron ore mineral, and hematite and iimonite as alteration products of 
magnetite. 

The mineragraphy of the high-grade iron ores at Gatkop is described 
in detail. In the light of the mineragraphic evidence, a new mode of 
origin of the iron ores at Gatkop is suggested. It is postulated that 
the ores were concentrated by ascending solutions from the underlying 
dolomite formation and which dissolved and reprecipitated the limonitic 
iron harboured in the banded ironstones, as well as leaching the silica 
from the prospective ore zZones. 'The circulation of the mineralising 
Solutions was in all probability effected oe facilitated by the process 
of structural deformation. 
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LOCATION AND EXTENT OF AREA 


The area under consideration is broadly delimited by latitudes 24033, 94o41' 
and longitudes 27926', 27054' and, therefore, comprises a roughly rectangular 
belt of approximately 300 sduare miles. (Geographically, the area is confined 
between Thabazimbi in the north-eastern portion of the Rustenburg district and 
the farm Rhenosterhoekspruit (662) in the Waterberg district. 'The main road 


from Warmbaths to Matlabas crosses the area in a roughly northwest-southeast 
direction. 


HISTORICAL REVIEW 


The central portion of this area was visited by Jorissen in about 1904. In 
describing the general geology and physical features of this region he mentions 
the presence of two parallel ranges, consisting “of striped duartzites and of 
ferruginous duartzites” (30, p. 32). As a result of his observations he arrived 
at the conclusion that “a large fauit accompanied by a vertical throw,” “runs 
all along and parallel to the northern range.” (80, p. 383) Tn addition, he 
maintained that the presence of a major anticline here is “proved by the 
occurrences of the Dolomite and Chert Series in between the two ranges, and 
underlying the striped duartzites.” (30, p. 33) The broad valley between the 
ranges is considered by him as “a fine example of the erosion of the centre 
of sn antieline” 0 p aa) 

The first geological survey of the area was carried out by Dr. Humphrey 
in 1906 and 1908. Dr. Mellor made several traverses of the Hoekberg Range 
in 1908 and surveyed in detail the area in the environment of Gatkop. In 
1911, the mapping of the area, described in the Sheet 10 Explanation was 
completed by Kynaston. In the Memoir of the Transvaal Geological Survey 
(1908), Humphrey comments that the relation of the Bushveld rocks with respect 
to the Transvaal System in this area can nowhere be considered normal. He 
further asserts that the most important factor in the structure of the Transvaal 
System, is 'a series of step-faults by which the rocks to the north have been 
successively let down;” as a result of which the banded ironstone division of 
the Transvaal System was duplicated in outcrop. It is also stated that the 
Transvaal System sediments were dislocated by three main strike-faults, which 
divided the system into two parallel segments. 'The disposition of the banded 
ironstones at Gatkop is considered to be due to a thrust-fault, which is supposed 
to be of local effect only, since the “immediately succeeding horizon to the south 
is unbroken and unaffected.” (27, p. 109) Mellor ascertained that the extent 
of the overthrust can be actually seen for not less than one mile, but he 
suggests that the fault probably extends further to the east. A mass of Red 
Granite, according to Mellor, has been intruded along the fault-plane, the 
granite also exhibiting an intrusive relation with respect to the Waterberg 
sediments. 

In the Explanation of Sheet 10 (Nylstroom) 1912, the area under consideration 
is re-described in a more generalised manner by Kynaston. Since this is merely 
a compilation of pre-ezisting data, the views held by Humphrey and Mellor 
remained materially unaltered. In 1922 the area around Gatkop was visited 
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by the members of the Shaler Memorial Expedition. 'They paid special attention 
to the contact relation between the Waterberg formation and the granite. 
The explanations arrived at, differ much from that given by Mellor, and in 
the following discussion constant reference will be made to both views. 


PHYSIOGRAPHIC ANALYSIS 


Physiographically, this area occupies a distinctive intermediate position 
between the high-lying Waterberg plateau in the north, and the undulating 
Bushveld Granite territory in the south. Physically, it shows marked contrasts 
with respect to the confining major land forms. 'The facial expression of this 
inter-regional belt appears to be directly related to the varied display of 
sedimentary rock units and the associated structures. A physiographic analysis 
of the varied and strongly diferentiated physical features would, therefore, 
be of valuable assistance in the ultimate task of elucidating the complicated 
geological structures. 

The most striking physical feature in the extreme west of the area, is the 
presence of two parallel strike-ranges, trending in an east-west direction. 'These 
ranges, known as the Northern and Southern Ranges respectively, are about 
two miles apart, and are composed of resistant southward dipping banded 
ironstones, overlying Dolomite. 'The strike-valley separating the ranges is 
markedly asymmetrical in cross-profile, the inface of the Southern Range being 
much steeper than that of the Northern Range. 'The asymmetry of this valley 
has obviously been produced by dipslope development in the confining ridges. 
Of special interest is the presence in the valley floor of a discontinuous 
duartzite ridge which dies out completely on the central portion of Waterval 
(13816). Being situated along the trough of the valley in the west, it trends 
obliguely across the valley until it finally skirts the dipslope of the Northern 
Range on Waterval (13816). 

The summit of the Northern Range overlooks a broad flat of Waterberg 
country which in turn abruptly leads into the imposing escarpment of the 
Paiala Plateau in the north. On the central portion of Waterval (1316) the 
Northern Range gradually changes in trend from east to north-east, finally 
culminating in the two peaks of the Gatkop promontory. 'The cerestline of the 
banded ironstone ridge leading up to Gatkop, is broken by several saddles 
vunderlain by dolomite. 

In the neighbourhood of Gatkop, the range widens in accordance with the 
distribution and structural disposition of the resistant banded ironstones. 'The 
Gatkop peak which is just over 6,000 feet high rises almost 3,000 feet above 
the surrounding country by virtue of which it commands a magnificent and 
extensive view in all directions. 'Tts marked physical prominence and 
morphological relationship with the Northern Range, have a direct bearing 
on the elucidation of the structural set-up. 

The Hoekberg Range, due east of the Gatkop peak, may be regarded as a 
topographical continuation of the Northern Range. Physiographically, however, 
it is auite distinct from the latter. Although the morphological and structural 
history of the Hoekberg is closely linked up with that of the area to the south, 
it presents a distinctive form, by reason of its lithological and structural 
disposition, and its reaction to erosional influences. In places it is more than 
5,000 feet high, thereby limiting one's view from the south of the Tange towards 
the main Waterberg escarpment in the north. 
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It has been pointed out that the Northern and Southern Ranges are strictly 
parallel in the west. In an easterly direction this marked parallelism only 
prevails as far as the central portions of Waterval (1316) and Sandrivierspoort 
(1317). The Southern Range here changes in trend towards the south-east, while 


the valley between the latter range and the Northern Range correspondingly 
widens out. 


Further east, the Southern Range trends in curvilinear fashion to the 
south-western portion of Rookpoort (876) and then maintains a strictly north- 
easterly direction towards Rietfontein (1198). Tt is cut of from the Hoekberg 
Range by a deep narrow valley which is the continuation of the broad low-lying 
country to the west between the Southern and Gatkop-Hoekberg Ranges. 'This 
broad valley leading from the west, is partly underlain by dolomite and partly 
by granite (13819 and 876). An outlier of banded ironstones in the dolomite 
builds a very conspicuous elongated strike-ridge on the central portion of 
Rookpoort (876). It shows marked alignment along the strike with the spur 
of banded ironstones trending westwards from the Southern Range on 
Rietfontein (1198). 


On Groothoek (257), a very prominent strike-ridge is present which trends 
parallel to the Southern Range on the south-eastern portion of Rookpoort (876), 
1t is composed of resistant Timeball Hill sediments and may, therefore, be referred 
to as the Timeball Hill Ridge. It is separated from the Southern Range by a deep 
valley exhibiting a fairly symmetric, smooth cross-profile. In the south, the 
'Timeball Hill Ridge gradually merges into low-lying granite country, but in the 
north it terminates precipitously against low-lying dolomite. 'The latter feature 
is of paramount importance since it affords incontrovertible physiographic 
evidence in favour of intense structural deformation. 

On Sandfontein (1182), another strike-ridge is present, composed of 
Daspoort sediments. 'The major trend oi the ridge is roushly parallel to the 
'Timeball Hill Ridge, but actually it forms an irregular arc which is concave 
towards the north-west. By reason of the variability in trend of the 
Daspoort Ridge the valley separating the latter from the Timeball Hill Ridge 
is also markedly irregular both in trend and in profile. In the south, the 
Daspoort Ridge passes abruptly into flat granite country but on Nooitgedacht 
(301) in the north, it abuts against a banded ironstone strike-ridge. From 
tpis locality the latter ridge strikes roughly north-west, past the north-east 
trending 'Timeball Hill Ridge, finally ending abruptly in the valley between the 
Hoekberge and the terminus of the Southern Range on Rietfontein (1198). 
The banded ironstone ridge is underlain by dolomite which often gives rise 
to saddles in the crestline of the ridge. It is of interest to note that this 
ridge is transversely disposed with respect to the Orientation of the ranges 
to the south and thus affords valuable physiographic evidence as regards the 
structural outlay of this region. 'The ridge appears to be wedge-like in the 
granite valley south of the Hoekberg Range, and as a result of this form 
the valley is seen to broaden out towards the Rhenosterhoekspruit fiats and 
to narrow towards the west, especially at the thickest part of the wedge 
immediately to the east of Rietfontein (1198). South of the wedge-like ridge, 
a tributary valley in dolomite links up with the parallel drainage of the 
'Timeball Hill and Daspoort Ridges. 

Tn the lower-lying country immediately to the south of the Southern 
Range, eduivalents of the Timeball Hill Ridge may again be seen. These also 
build prominent strike-ridges on Weltevreden (166), Koppieskraal (1822), 
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Sandrivierspoort (1817), Rooiwal (148) and Brakvallei (40). In spite of the 
fact that these ridges are topographically disconnected they show a marked 
alignment and a strict parallelism with respect to the Southern Range. On 
physiographical grounds, therefore, these ridges may be safely regarded as a 
disconnected westward continuation of the prominent Timeball Hill Ridge on 
Groothoek (257). 

A conspicuous strike-ridge is present on Brakvallei (40), Varsvlei (341) and 
Rooiwal (143), immediately to the south of the Timeball Hill Ridge on these farms. 
Tts physiographie disposition with respect to the Timeball Hill Ridge strongly 
suggests that it represents the eguivalent of the Daspoort Ridge as displayed 
in the east. The absence of such ridges between Rooiwal (148) and Sandfontein 
(11892), therefore, awaits explanation. In short the entire belt under consideration 
displays a rangelike character of somewhat varied aspect. In the south it is 
succeeded by a bush-clad flat of granite country which, in the eastern portion 
of the region, merges into the hilly landscape of the Rooiberg area. 


THE DRAINAGE PATTERN 


It would be of interest to investigate the relation between the physiographic 
expression of the area and the nature of the drainage pattern. 

The entire belt is drained by the Sand River, a tributary of the Crocodile. 
The Sand River channel rises on the northern portion of Groothoek (257) and 
then traverses the region in a south-westerly direction. `Well established 
streams, draining the foreland of the Palala Plateau, discharge large dguantities 
of water in the Sand River, during the summer rainfall season. 'The most 
important of these are the Sterk River, joining the main channel on Waterval 
(1816), and the north-south trending streams to the east of Gatkop. Al these 
tributaries enter the main channel in an almost rectangular fashion. Another 
important tributary, draining the eastern and south-eastern portions of this 
area, joins the Sand River diagonally on Sandspruit (13819). 'The Vaalwater, 
which drains the Rooiberg territory, enters the Sand River on the western 
portion of Sandrivierspoort. 

The most outstanding features displayed by the drainage pattern with 
respect to the physical outlay of the region may be presented as follows: 


(a) The obliguely transgressive relation of the main channel with respect 
to the dominating physical features. 


(b) The marked degree of meandering displayed by the Sand River in 
the low country to the north of the Southern Range, especially on 
Sandrivierspoort (1817), Sandspruit (1319) and Rookpoort (876). 


(c) The incised meander in the Southern Range on the north-eastern portion 
of Rhenosterkloof (779). 


(d) The presence of poorts in the Southern, Northern and Hoekberg Ranges, 
cut by the Sand River and its main tributaries. 


Features a, c and d indicate clearly that, regionally, the drainage pattern 
is not seriously affected by the facial expression of the area. 'That this relation 
affords a beautiful example of super-imposition of the drainage system on the 
present landscape, may be gathered from the following considerations. 
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(1) The subdued effect of the main structural features, especially fault-lines, 
on the drainage pattern is suggestive of super-imposition rather than 
of antecedence. 


(2) BY reason of the fact that Karroo sediments are present to the east 
of the area, it is obvious that the present drainage system in this part 
of the Transvaal must have been initiated after the period of Karroo 
inundation. In other words, the drainage system under consideration, 
originated on a post- or late-Karroo surface, during the period when 
the Karroo sediments were subjected to erosion. As planation advanced, 
the Karroo strata were progressively stripped from the depositional 
surface while older strata were correspondingly laid bare. From data 
that will follow in the succeeding pages, it is evident that the geological 
formations on which the present drainage system is engraved, did not 
Suffer any material tectonic deformation since the commencement of 
Karroo sedimentation. ln all probability, these geological formations 
attained their present disposition in early- or pre-Karroo times. Since 
the general trend of the present drainage system was determined in 
late- or post-Karroo times, it became superimposed on the present 
landscape, during its regime of planation. 


It is, however, certain that the superimposed drainage system was locally 
affected by varied reaction of lithologic horizons. The marked degree of 
meandering displayed by the Sand River on Sandrivierspoort (13817), Sandspruit 
(1319) and Rookpoort (876) seems to be directly related to the presence of the 
resistant Southern Range. 'The Southern Range undoubtedly functioned as a 
resistant barrier during the course of river development, and was, therefore, 
instrumental in establishing a local base-level. The less resistant dolomite and 
granite underlying the valley upstream, seem to have facilitated the formation 
of meanders to a marked extent. It is of interest to note that the nature 
of meandering of the river channel in dolomite contrasts sharply with that 
in granite. 'This signifies the lithological control in the process of meander- 
development. 'The meanders are not deeply entrenched in the broad valley 
floor. 1t is apparent that the denudation of the valley floor proceeded pari passu, 
with the incision of the river channel in the resistant Southern Range parrier. 

On Sandfontein (1182) the tributary of the Sand River draining the area 
to the east, trends parallel with the strike of a portion of the Daspcort 
Ridge. This obviously subseguent streani is joined by a reseguent tributary from 
the north near the western extremity of the Daspoort Ridge. 

On the western portion of Nooitgedacht (301) an insignificant watershed 
is present in the lowland south of the Hoekberg Range. It forms a low divide 
between the run-of which flows directly to the west and that making a detour 
via Nooitgedacht (301) and Sandfontein (11382). It, therefore, constitutes an 
intra-regional divide between tributaries of the same river system. One may 
expect that in the future, piracy will develop in this vicinity. 

The vegetation of the belt varies considerably, but considered as a whole, 
it is typical of that of the Transvaal Bushveid. Apiesdoring and Kameeldoring 
seem to favour the valley along the Sand River, attaining fine proportions in 
some places. Boekenhout and Tambotie trees are also common in the valley 
flats. Long forest-like strips of bush particularly favour the contact-zone 
between the dolomite and banded ironstones, especially along the northern 
slope of the Southern Range. 'The flats and valleys also support a valuable 
growth of grass, which makes it a favourite pasture range for cattle. 


R 
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The region enjoys a summer rainfall and the river system derives its main 
supply from precipitation. A fair duantity of seepage water also enters the 
channels. Usually the Sand River does not carry a surface flow during winter, 
as a result of which the local inhabitants are placed in a difficult position. 
It, however, maintains a strong seepage sub-flow in its sandclogged bed. In 
many cases, the deficiency of water during winter is met by sinking pits in 
the river bed at such places where the sand covering is of masimum thickness. 
In some instances the water is pumped into reservoirs built on the river bank. 
The region is very favourable for cattle raising. Very small guantities of tobacco 
and maize are, however, also cultivated. The entire farm of Waterval (1316) 
is owned by natives, who indulge in primitive ways of soil cultivation and in 
overstocking their limited pastures. 

OT general interest is the presence of caves in the dolomite formation of 
this area. 'These caves have been explored for very limited distances only. 
They are inhabited by multitudes of bats, as a result of which considerable 
duantities of guano collect on the floors of the front chambers. 'The guano 
is highly valued as a fertiliser by the local farmers and is, therefore, removed 
from time to time and utilised on the meagre soils. During 1941 when this 
area was surveyed, an excavating party was busy recovering the guano of the 
cave situated near the north-western corner of Waterval (13816). Another cave 
is present on the farm Sandspruit (1319), about 200 yards from the western 
boundary between the latter farm and Sandrivierspoort, and about 300 yards 
north of the farm road leading from Sandrivierspoort (13817) to Donkerpoort 
(1315). The dolomite shows a relatively low dip and builds a low mount in 
which the cave is located. 'The cave has a very small opening which is markedly 
concealed. It is probable that this cave was inhabited by natives and acted 
as a refuge in wartime, since the remnants of a wooden barricade are still 
present in one of the front chambers. 'The low mount on which slope the cave 
is situated is called Gatkoppie by the local inhabitants. It is interesting to 
note that the high peak known as Gatkop in the literature and which is situated 
about three miles due north of this dolomite mount, is referred to as Klein 
Majuba by the local people. 'The name Gatkop in the literature is therefore 
in fact a misnomer. 

On Rookpoort (876), two caves are present. One of them is situated on the 
westward slope of the poort through the Southern Range on the Rookpoort 
(876)-Renosterkloof (779) boundary, and the other about 1.6 miles due north-east. 
An unidentified human skeleton is reported to have been excavated from the 
cave on the southern portion of Rookpoort (876). 


THE STRATIGRAPHY OF 'THE REGION 


1. Surface Deposits. 
2. The Waterberg Formation. 
3. The Transvaal System. 
A. Dolomite Series. 
(a) Dolomite Division. 


(b) Banded lIronstone Division. 
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B. Pretoria Series. 
(a) Chiastolite Slate Division. 
(b) Polo Ground @uartzites. 
(c) The Shales and Hornfels. 
(d) The Timeball Hill Sediments. 
(e) The Daspoort Sediments. 


4. The Bushveld Complex. 
A. Bushveld Granite. 
B. Bushveld Lava (Felsite). 


5. Diabase Intrusions. 


1. THE SURFACE DEPOSITS 


The surface deposits in this area may be discussed under the following 
headings: 


(a) TALUS AND OUTWASH DEPOSITS 


In conseduence of the varied physical features, talus and outwash deposits 
are well represented in this area. 'Thick accumulations of banded ironstone 
rubble are strikingly displayed along the contact of the banded ironstones and 
the underlying dolomite. In places, these deposits are so remarkably developed 
that it is extremely difficult to ascertain the exact contact between these two 
rock divisions. In such cases, dense vegetation favouring the banded ironstones, 
is a helpful guide in mapping this obscured contact. Banded ironstone outwash 
also accumulated in the shallow ravines leading from both slopes of the 
Northern and Southern Ranges, and extend into the erosion valleys below. 
On the northern and hnorth-eastern slope of Gatkop, iron ore also constitutes 
a considerable proportion of the talus and outwash deposits. 'The talus boulders 
sometimes attain huge dimensions. Outwash deposits of felsite and Waterberg 
sandstone enjoy a wide distribution along the southern slope of the Hoekberg 
Range as a result of which the contact between the granite and felsite is much 
concealed. 


(b) IN SITU SOILS 


This type of surficial deposit is almost wholly confined to the granite flat 
south of the Southern Range and to the Waterberg sandstone flat on Buffelshoek 
(1314), Bosfontein (1318), Marakeli (948) and the northern portions of 
Mckip-Zyn-Rand (954) and Spitskop (756). 'The soil covering produced by the 
weathering of the granite consists of a fair proportion of coarse and fine grains 
of guartz and feldspar. 'The soil generally shows a reddish-pink to grey colour; 
the pink colour is undoubtedly induced by the feldspars originally present in 
the Bushveld granite. 'The soil which resulted from the in situ weathering 
of the Waterberg sandstones on the Marakeli (948) - Bosfontein (13813) flat also 
exhibits a creamish-pink colour, in conseguence of small dguantities of feldspars 
and ferruginous matter in the mother rock. 'The constituent grains are smaller 
and more evengrained than in the case of the granite soil. 'The in situ soils 
OT the dolomite tracts are mostly fine-textured and their pinkish-black colour 
is derived from manganiferous mineral assemblages originally harboured in 


the dolomite. 
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(e) SUPERFICIAL DRIFT DEPOSITS 


Such deposits are widely distributed over the area. They may be classed 
into two categories, viz., alluvial deposits, along the main river channels, and 
those resulting from debauching sheet-flows in the erosion valleys and flat 
lands. In the main drainage channels, the alluvial deposits occur in the form 
of sand-accumulations and elongated gravel patches. Along the channel banks 
it forms a rich soil usually supporting a dense growth of indigenous bush. 
Superficial drift deposits form a veneer in the erosion valleys between the 
Northern and Southern Ranges on Spitskop (756), Mckip-Zyn-Rand (954), 
Waterval (1316), between the Southern Range, Timeball Hill and Daspoort ridges 
on Brakvallei (40), Varsvlei (341) and Rooiwal (143) in the west and on 
Groothoek (257) and Sandfontein (1182) in the east. 


(d) SURFICIAL LATERITE DEPOSITS 


Laterites are occasionally of common occurrence in the western portion of 
the belt under consideration. 'They are sometimes well represented along the 
northern inface of the valley between the Northern and the Southern Ranges. 
They occupy a similar position in the valley between the Southern Range 
and 'Timeball Hill Ridge on Brakvallei (40) and Varsvlei (341). 'The laterite layers 
in the latter locality are usually up to two feet thick and form a resistant 
mantle on the underlying rocks. In conseguence of its resistance to erosion 
with respect to the shales on which it reposes, the laterite has produced slightly 
elevated flat-topped erosion-relics on Varsvlei (341). Patches of laterite banks 
are also beautifully developed in the “neck” of the Northern Range on 
Mckip-Zyn-Rand (954). 'The streambed of the Sterk River in the poort of the 
Northern Range on Waterval (1316) also carries excellent exposures of laterite. 
This deposit was referred to by Jorisser (30) as '“a massive breccia-bank 
overlying the duartzites” (p. 33) and he regarded it as a “true friction breccia” 
in spite of its surficial disposition. 

The typical laterite of this region consists of an aggregate of banded 
ironstone rubble, f#irmly held together by a brownish hematitic and limonitic 
cement. 'The ironstone constituents are poorly rounded and are heterogeneously 
distributed in the consolidated mass. It sometimes resembles a fault-breccia 
to a marked extent, but the uncrushed appearance of the constituents and 
absence of slickensiding as well as its surficial mode of occurrence, leave no 
doubt as to its true origin. 

With respect to the formational milieu of laterite it is interesting to record 
Davis statement that the physiographic development of a locality is of prime 
importance to the process of laterisation. He maintains that in the late stage 
of a cycle of subaerial erosion, “when the slow removal of rock waste from a 
worndown land surface permits deep penetration of weathering with very slow 
movement of ground-water” (8, p. 429), the process of laterisation finds its 
optimum. Under such conditions, sufficient time is allowed “for the various 
chemical reactions upon which laterisation so largely depends.” Fermor, 
commenting corroboratively on Lacroixs views of the origin of the French 
Guinea laterites, states “that laterisation is everywhere intense where the 
slope of the ground is low enough to permit the infiltration of water and allow 
it to remain for a long time in contact with the rocks” (15, p. 198). Judging 
by the disposition of the #flat-topped laterite hbanks in the valley between 
the Southern Range and 'Timeball Hill Ridge on Varsvlei (341), it is obvious, that 
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the physiographic as well as the climatie factor, played a very decisive role 
in the process of laterising the surface waste in this area. 


2. THE WATERBERG FORMATION 


As already stated, an imposing escarpment, the Kransberg, is present in 
the northern sector of the region under consideration. 'This escarpment has 
been evolved in the main, from sediments of the Waterberg System. From 
Spitskop (756) to a point just south-west of Gatkop, this formation is in 
immediate contact with the Dolomite series of the Transvaal System. In the 
vicinity of Gatkop, it forms contact with overthrusted banded ironstones. On 
the north-eastern slope of Gatkop, the Waterberg formation is in contact with 
Bushveld Granite. (This locality is of ciassic significance, since it was here 
that the members of the Shaler Memorial Expedition studied the contact 
between the Waterberg formation and the Bushveld Granite) 'To the east 
of Gatkop, the Waterberg sediments repose on fine-grained felsites of ihe 
Bushveld Complex, and in conjunction with the latter, build the prominent 
Hoekberg Range. 

On the farm Spitskop (756), the Waterberg sediments dip at an angle of 
459 towards the south along the line of contact with the dolomite, but further 
north, the Waterberg sediments dip at a low, constant angle due north. On 
Meckip-Zyn-Rand (954) the southward dip of the Waterberg sediments along 
the line of contact decreases eastwards. 'The sediments consist here almost 
wholly of fine to coarse-grained creamy-brown sandstones and grits, composed 
of sub-angular grains of aguartz and a fair proportion of feldspar. Most of the 
feldspar grains are highly decomposed. 'The determinable grains consist of 
microcline in small proportions and relatively acid plagioclase. 

The sandstones sometimes contain impersistent lenses of fine-grained, 
hematitic claystones, as in the north-eastern corner of Mckin-Zyn-Rand (954). 
From the latter locality towards Gatkop, conglomeratic units are abundant 
and form picturesdue outerops in places. On the southern portion of Buffelshoek 
(1314), the conglomerate contains boulders consisting of hard whitish duartzite, 
which in all probability were derived from the Timeball Hill guartzite horizon. 
Felsite pebbles, from the felsitic lavas of the Bushveld Complex, are also well 
represented. At this locality, the conglomerate dips at an angle of 15% due 
north. Further east the conglomerate is directly overlain by dolomite. 
Numerous duartz veins have riddled the dolomite, some of which extend into 
the underlying conglomerate. 

Due north of Gatkop the Waterberg sediments dip at a low angle to 
the north. They consist of coarse sandstones, carrying well-rounded pebbles 
in places. 'The sandstones are arkosic in constitution and gritty intercalations 
are freguently encountered. At the contact between the granite and the 
Waterberg sandstones due east of Gatkop, the sediments dip at an angle of 
710 towards the south. On Donkerpoort (1315) the basal Waterberg sediments 
are constituted of conglomerates which contain a high proportion of well- 
rounded pebbles and boulders. Felsite pebbles are well represented. 

Along the boundary of Nooitgedacht (301) and Kliprivier (760) (Hoekberg 
Range), the Waterberg sediments dip at a high angle towards the north. In 
some places along the line of contact between the Waterberg formation and 
felsite lavas, the basal sediments even dip towards the south. In a northerly 
direction, however, the angle of dip decreases considerably. 'These structural 
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features, therefore, indicate that the rim of the Waterberg formation in this 
1ocality, was somewhat overfolded towards the north. 1Tt is interesting to note 
that the basal sediments of the Waterberg formation along the line of contact 
with the felsites, are #freguently gritty sandstones, instead of conglomerate. 

'The constituents of the conglomerate are extremely variable in character. 
The following types were recognised: 


(a) White aguartzite boulders, well rounded, and varying in major diameter 
up to 12 inches. 'This type constitutes the major proportion of the 
pebble and boulder assemblage. 

(b) Well-rounded brown dguartzite pebbles. 

(c) Jaspery constituents. Some of these are of solid red jasper, but 
banded varieties are also present. 

(d) Banded ironstone pebbles. 'These are sparingly present. 

(e) Chert pebbles. Some of these are bluish-white, while others are banded. 


The constituents of the conglomerate are contained in a dark-brown sandy 
matrix, similar to the typical Waterberg sandstone. 'The pebbles and boulders 
are mostly oblong and the major diameters are markedly parallel to the 
bedding-planes and direction of dip. 'The pebbles and hboulders exhibit a 
closely-packed pattern on account of the small amount of interstitial matrix, 

In places, the constituents of 'ihe conglomerate are intensely crushed. 
Indented pebble surfaces are also of common occurrence. 'The conglomerate 
is sometimes traversed by long veins of dguartz which are at times 4 inches 
thick. 'These veins pass through boulders and matrix alike, irrespective of 
bedding-planes and the location of the bouldery constituents. Tt is obvious 
that they occupy the position of crush-planes, which were subseguently or 
contemporaneously filled up with infiltrating duartz. 'The coarse sandstones and 
grits, higher up in the succession of Waterberg sediments, occasionally carry 
solitary pebbles and cobbles, as well as intercalated lenses of conglomerate. 


3. THE TRANSVAAL SYSTEM. 


A. THE DOLOMITE FORMATION 
Distribution and Physical Expression 


Physically the dolomite formation almost invariably occupies low-lying 
tracts in this region by reason of its comparatively low resistance to chemical 
and erosional agencies. By virtue of its geological relationship with the range- 
building banded ironstone, its areal distribution is closely linked up with the 
De expression and geological disposition of the Northern and Southern 

anges. 

From Spitskop (756) eastwards the dolomite occupies a continuous belt 
across the farms Mckip-Zyn-Rand (954), Waterval (1816) and Buffelshoek (1314). 
Along this strip of country the dolomite flanks the northward-facing slope of 
the Northern Range, but on Waterval (1816) it extends well into the low-lying 
flat to the north. On the extreme south-eastern portion of Buffelshoek (1814) 
the dolomite belt changes its trend towards the northeast along with the 
Northern Range leading towards the Gatkop promontory. 'To the south-west 
oi Gatkop the dolomite belt finally pinches out completely between banded 
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ironstones and Waterberg sediments. In the south-western corner of 
Donkerpoort (1315) the saddles along the crestline of the Northern Range, 
connect the dolomite strip described above with the low-lying dolomite flat, 
due south of Gatkop. A few inliers of dolomite, occupying uncommon positions 
in banded ironstones are also present to the south of Gatkop. 

In the valley between the Northern and Southern Ranges, dolomite occurs 
along the northern slope of the latter Range. In the valley floor, outerops 
are obscured by talus and drift deposits, but in all probability it makes contact 
with brecciated banded ironstone and Timeball Hill duartzites. 

From the southern portion of Spitskop (156) eastwards, dolomite is 
exclusively confined between Timeball Hill duartzites in the north and the over- 
lying banded ironstones in the south. On the western portion of Waterval (1316) 
this narrow dolomite belt gradually broadens, while the 'Timeball Hill Ridge 
correspondingly trends obliguely across the valley, until it finally skirts the 
dipslope of the Northern Range. 'The valley confined by the Northern and 
Southern Ranges on Sandrivierspoort (1317) and Waterval (1316) is entirely 
underlain by dolomite. From this locality the dolomite belt leading from the 
west, passes into the broad valley-fiat on the north-western part of 
Sandrivierspoort (1817). Further east, it underlies the southern portion of the 
Sand River valley, making contact with granite in the north. On the eastern 
part of Rookpoort (876), the dolomite belt narrows considerably. In this locality, 
it underlies the tongue-like valley confined by high-lying banded ironstones, 
forming a narrow outcrop along the northern slope of the westward projecting 
banded ironstone spur, and eventually pinching out completely on Rietfontein 
(1198). 

Of special interest is the occurrence of a harrow strip of dolomite trending 
from the north-western part of Groothoek (257) well into Nooitgedacht (301). 
It underlies the southern slope of the wedge-like ridge referred to above, as 
well as the valley south of the ridge. A few saddles connect this tract of 
dolomite with the extremely narrow strip which makes contact with granite 
along the northern slope of the ridge. 

Another small isolated occurrence of dolomite is present on the central 
portion of Weltevreden (166). It forms an elongated outcrop, dipping at an 
angle of 55% due north. It is bordered on the north by shales which overlie 
the banded ironstones, while along its southern boundary it makes contact with 
an intrusion of diabase. 


The Lithology of the Dolomite Formation 


In conseguence of various geological processes, such as metamorphism, 
recrystallisation and the activity of percolating solutions, the dolomite formation 
in this area, exhibits considerable lithological variations from place to place. 
A lithological discussion of the dolomite, under the following headings, may 
therefore be warranted. 


(a) General Lithology 


Grenerally, the typical dolomite shows a bluish-grey colour on fresh specimens 
and grooved, dark-grey surfaces on weathered outcrops. A very ConNSPicUOUS 
characteristic of the dolomite is the presence of numerous interbedded chert 
lenses. 'These lenses are usually extremely thin but occasionally, they may 
reach a thickness exceeding 10 feet, especially in the upper horizons of the 
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formation. At the north-eastern farm-beacon of Rooiwal (148) a relatively 
thick chert-lens builds a conspicuous ridge. A similar feature is present 
immediately to the south of the Sand River, near its confiuence with the Sterk 
River on Sandrivierspoort (1317). Chert-rich 'dolomite also hbuilds a very 
conspieuous knoll due south of the Sand River, near the boundary line between 
Sandrivierspoort (1317) and Sandspruit (13819). 'The knoll is slightly elongated 
and parallel to the Southern Range. It is extremely difficult to determine the 
true bedding in this chert-rich mass. 'The available evidence indicates that the 
chert beds were puckered during a period of dynamic deformation. 

Whitish dolomite lenses, in contrast with the general bluish-grey type, are 
occasionally encountered. Excellent outcrops are in evidence on the low knolls 
in the valley between the Northern and Southern Ranges on the western portion 
of Waterval (1816). There appears to be a striking gradational relation between 
the light and dark-grey dolomites, which is detectable in a single specimen. 
Tt is probable that the white colour resulted as a conseduence of recrystallisation 
effects. 

The contact between the dolomite and overlying banded ironstones is not 
sharply defined. Since the line of contact is almost invariably obscured by 
talus, it is difficult to study this zone from place to place. 'The available evidence, 
however, indicates that the contact zone is marked by the presence of a thin 
shaly horizon. 'The dolomite is often seen to exhibit a marly to shaly nature 
in close prozimity of the contact line. 'The gradational relation, therefore, 
denotes a strict conformability between the dolomite and banded ironstone 
formations. This relationship is very prominent at the contact, near the 
north-eastern farm-beacon of Rooiwal (148). 'The marly dolomite stands 
almost vertical in this locality and exhibits the tendency to cleave along the 
bedding-planes. 


(b) Sideritisation in the Dolomite 


Sideritised dolomite is of freduent occurrence in some portions of the area. 
Along the northern slope of the Southern Range, from Spitskop (756) to 
Mckip-Zyn-Rand (954), outcrops of siderite masses are well exposed. 'The 
available field evidence indicates that the siderite occurs in the form of irregular 
Zones in the dolomite, near the dolomite-banded ironstone contact. 'The degree 
of sideritisation seems to vary from place to place. In some cases, the dolomite 
appears to have been completely transformed into siderite masses, showing 
siderite crystals up to # inch in diameter. 'The development of big siderite 
Crystals, however, seems to have been of a sporadic nature. 'The siderite masses 
commonly display a fine-grained texture and reddish-brown colour. In some 
instances, the presence of bluish-grey dolomite patches in the siderite mass, 
clearly indicates that sideritisation was incomplete. 

Similar siderite masses in dolomite are present on the eastward facing slope 
of the Northern Range on the south-western portion of Donkerpoort (1815). 
Generally, these occurrences are usually also finer in texture than those on 
Spitskop (756) and Mckip-Zyn-Rand (954). 


(c) Limonitisation and Silicification 


A very interesting feature noted in the dolomite in places, is the marked 
degree to which the primary dolomite was transformed into a yellow rock 
consisting mainly of limonite, guartz and small amounts of hematite. Excellent 
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exposures of this altered dolomite are present on the eastern slopes of the 
elongated banded ironstone outlier on the central portion of Rookpoort (876). 
Similar occurrences are encountered in the narrow strip of dolomite along the 
re slope of the wedgelike ridge on Groothoek (257) and Nooitgedacht 

In handspecimen the rock is light-yellow but on weathered surfaces it 
shows a brownish-black colour. On a polished surface, it may be seen that 
the yellow limonite areas contain small irregular spots of hematite, which 
show a bright reflection. In addition, the rock is also veined by a fine intricate 
network of duartz-veinlets, indicating that siliecification has also taken place 
to a marked extent. 'These silica veinlets stand out on weathered surfaces 
and form a rough skeletal structure. 

1t is not known whether this rock type continues in depth. It must be 
borne in mind that these limonitic rocks invariably occur in close prozimity 
to the contact of the dolomite and banded ironstones. Since the latter rock 
type contains appreciable amounts of ferruginous matter, one is inclined to 
believe that an intimate relation exists between the limonitised dolomite and 
the  banded ironstones. It appears extremely probable that the iron, now 
constituting the limonite and hematite in the altered dolomite emanated from 
the banded ironstones in conseduence of a particular grouping of structural 
conditions. Reference to this mode of ferruginisation will again be made in 
a subsedguent chapter. 


(d) Tremolitisation in the Dolomite 


The presence of tremclite in the dolomite was hoted in various localities. 
It was observed in the low-lying dolomite to the north of the Northern Range 
on Waterval (13816), in close prosimity to the contact between the dolomite and 
Waterberg sediments. It was also noticed near the dolomite-banded ironstone 
contact at the Thabazimbi mine. 'Tremolite is also present near the dolomite- 
granite contact on Sandspruit (1319). On the south-western portion of Rookpoort 
(876), tremolite occurs in close association with calcite and aragonite. 
Stratigraphically, the latter locality is near the contact between the dolomite 
and banded ironstones. 

Although it is difficult to ascertain the exact stratigraphical position of 
these dolomite horizons in some cases, it seems safe to conclude that the 
presence of tremolite in the dolomite is not restricted to any specific horizon 
in the formation. 'The development of tremolite appears to be directly related 
to the physico-dynamic changes wrought in the dolomite formation in this 
area. 


(6e) Manganisation and Ferrugimisaliomn 


The available field evidence indicates that manganisation in the dolomite 
has only taken place on a very restricted scale. A manganised lens, measuring 
(8 x 150) feet in outcrop dimensions is present on the steep slope of the Northern 
Range near the north-western farm-beacon of Waterval (1316). In strike, the 
lense is strictly parallel to that of the dolomite in which it occurs. It consists 
of black manganese oxzides, admixed with ferruginous material. 'The rock 
forms a loose, friable mass, which soils the fingers. 

By reason of the geological disposition of this lens with respect to the 
dolomite formation, there is not the slightest doubt, that localised processes 
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were responsible for its formation. lt is known that the dolomite harbours 
small guantities of the carbonates of iron and manganese. By virtue of the 
circulation of solutions which dissolved and transported these accessory 
carbonates, the deposition of the latter in an oxidising environment, was 


manifested in the formation of an iron- and manganese-rich body of limited 
dimensions. 


(£) Caleitisation and Aragonitisation 


A zone of calcitised dolomite is present on the south-western portion of 
Rookpoort (876) near the contact of the dolomite and banded ironstones. Since 
a few pits have been sunk in this locality, the true nature and disposition of 
these altered rock are markedly exposed. 'These rocks invariably show a Ccoarse 
crystallinity. Bluish carbonate rocks are often veined by white calcite rock, 
which resembles coarse marble in appearance. Bluish varieties, showing coarse 
erystallinity are also present. 'These occasionally carry long crystals of tremolite 
which are roughly orientated in a sub-parallel fashion. 

Of special interest is the presence of aragonite in the calcite masses. The 
aragonite cerystals appear in the form of brownish-yellow aggregates which 
are sporadically distributed in the calcite masses. 'The crystals in the individual 
aggregates are radially orientated and are often 2 inches in length. In some 
cases, the aragonite erystals only radiate from a point on a plane, thus displaying 
the effect of a rising sun. 

The regional distribution and structural disposition of the dolomite 
formation render extremely valuable aid in the interpretation of the structural 
set-up of the entire belt but more detailed discussion of these features is 
confined to the chapter on structural geology. 


THE BANDED IRONSTONES 


Distribution 


Banded ironstones are widely distributed in this region. Stratigraphically, 
they succeed the dolomite division in a strictly conformable manner, and 
therefore show an intimate field relation with the dolomite outerops. 

Physiographically, the banded ironstone formation constitutes the prominent 
east-west trending Northern and Southern Ranges, the areal distribution of 
which was previously described. 'The contact with the dolomite formation, 
runs immediately below and to the north of the summits of these Ranges 
and is generally marked by the presence of dense strips of bush. 'The contact 
with the succeeding shale division strikes along the southward-facing slopes 
of the Ranges and is almost invariably obscured by banded ironstone talus. 
The banded ironstones build the picturesgue Gatkop, reposing on Waterberg 
sediments along the western and northern slopes of the Gatkop promontory, 
and make contact with granite along the eastward-facing slope. A very 
interesting occurrence of banded ironstones (from a structural viewpoint) is 
present on Waterval (13816) near the middle of the common boundary-line 
between the latter farm and Buffelshoek (1314). It forms an elongated outcrop, 
succeeded in the south by dolomite and making contact with granite and 
Waterberg sediments in the north. 

On Groothoek (257) and Nooitgedacht (3401) banded ironstone forms isolated 
outliers in dolomite along the crestline of the wedge-like ridge, previously 
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described. In the western extremity of the ridge, the banded ironstone division 
makes contact with granite, underlying the valley. On the central portion 
of Sandrivierspoort (13817) the banded ironstones are in contact with Timeball 
Hill guartzites. 


The Lithology of the Banded lIronstones 


The banded ironstone division may be sub-divided into three major horizons, 
viz., a lower, middle and upper horizon. 'The transition from one horizon into 
the succeeding one, is not sharply defined, since they usually grade imperceptibly 
into each other. 

The lower horizon follows on the Dolomite formation and is separated from 
the latter by a clay band, a few feet thick. 'The banded ironstones composing 
the lower horizon, exhibit considerable textural variations from point to point. 
Generally, they are constituted of alternating silica-rich and iron-rich bands. 
In some cases, the contacts between the individual bands are sharply defined. 
On fresh surfaces, the ore-bands show a dark, sub-metallic, lustre, which 
contrasts conspicuously with the light duartz-rich bands. In other instances, 
the contacts between the bands are less sharply defined. Yellow bands consisting 
mostly of limonite are often well developed. 

The individual bands are extremely variable in thickness. 'Thin limonite 
bands may alternate with thick ore-bands or vice versa. 'The ore often occurs 
in a succession of extremely thin laminae, separated by similar laminae of 
limonite. As a result of this banding, the slightest dislocstion in these rocks 
can be easily traced. 

The middle horizon is more freguently encountered along the summits of 
the banded ironstone Ranges. 'The Southern Range is more typical and shows 
the succession in more normal fashion than the Northern Range which exhibits 
a more disturbed disposition. 'The summit of the Southern Range displays 
a remarkable #flat-topped surface on Spitskop (756), Mckip-Zyn-Rand (954), 
Waterval (1316), Sandrivierspoort (1317), Sandspruit (1319) and Rookpoort (876). 
This surface is directly related to the lithological attributes of the middle 
horizon, viz., its relative softness with respect to the resistant underlying and 
overlying horizons. 'The middle horizon is also constituted of alternating bands, 
in addition to some aluminous material. 'The contacts between the bands are 
less clearly defined and the silica and ferruginous matter seem to be more 
uniformly distributed in the rock. 

The lesser resistance of the middle horizon to erosional agencies is to 
some extent ezemplified in the poorts cut by the Sterk River through the 
Southern Range on Sandrivierspoort (1317) and in the south-eastern corners 
of Spitskop (756) and Meckip-Zyn-Rand (954). Both the eastern and the western 
faces of these poorts are considerably trenched by small strike-valleys. BY 
virtue of their relation with the poorts and the rock structures on which they 
were formed, these valleys are obviously subseguent, having evolved tangentially 
along the strike of the banded ironstones. 'The field evidence also indicates 
that the middle horizon probably acts as a site of a sill intrusion. Although 
no solid outcrops could be located, large boulders of diabase are present in 
the tangential valley leading from the summit of the Southern Range to 
the poort in the north-eastern corner of Rooiwal (143). Smaller boulders of 
this intrusion were also found in the tangential valley of the poort at the 
south-eastern corner of Mekip-Zyn-Rand (954). Similar boulders were 
encountered along the southern slope of the Northern Range, but the writer 
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was not successful in locating the outerops of the mother rock. There is not 
the slightest evidence that an intrusion ever penetrated to the present summits 
of the Southern and Northern Ranges, since neither outcrops nor boulders 
could be found in the summit areas. 

The upper horizon of the banded ironstones is confined mainly to the 
southern slopes of the Northern and Southern Ranges. lt represents a 
succeession of ferruginous sediments in which silica seems to rank as a major 
maceroscopiec mineral. 'This is exemplified by the presence of white bands of 
almost pure duartz, interbanded with silica-rich ferruginous bands. In many 
cases, these bands are displaced by reason of. the presence of minute faults, 
some of which succeed one another in step-wise fashion. Brownish varieties 
of ironstones are also of common occurrence. The ore-bands are generally 
much thinner than in the case of the lower 'horizon, and often occur as 
disconnected, elongated ore patches. 'The silica often displays a shiny, gelatinous 
appearance on fresh surfaces, since, in all probability it was originally deposited 
as silica gels, admixed with ferruginous matter. 

In conclusion, it must be made clear that the normal lithological make-up 
of the entire banded ironstone division, was appreciably altered, as a result 
of subseduent metamorphic changes. 'The lithological differences between the 
several horizons were conseguently subdued to a marked extent. 'The contact 
between the banded ironstone division and the succeeding sediments is normally 
marked by the presence of a thin band of chert conglomerate, which may be 
regarded as constituting the base of the Pretoria Series in this environment. 
Stratigraphically this denotes, that the ironstone division forms an integral part 
of the Dolomite Series, since it was already shown that the dolomite division 
passes conformably into the banded ironstones. 'This chert conglomerate 
(Bevets conglomerate) is well exposed just to the west of Brakvallei (40). 
Further east, this horizon is marked by a silica-rich zone. Sedimentationally, 
it signifies that a time-break occurred between the periods when the Dolomite 
and Pretoria Series were deposited. 


Particular Characteristics of the Banded lronstones 


Interbedded Dolomite 


On the western portion of Spitskop (756), a dolomite bed was encountered 
along the southern slope of the Northern Range. It occurs entirely in the 
banded ironstone division near the contact of the latter with the overlying 
shales, and dips conformably with the banded ironstones towards the north, 
The dolomite is somewhat marly in nature and seems to be impersistent in 
the direction of strike. 'The writer was unsuccessful in locating similar dolomite 
outerops further east, and along the southern slope of the Southern Range. 
In all probability, it represents an interbedded lens in the banded ironstones. 


Crocidolitisation 


Occurrences of crocidolite were encountered in the banded ironstones on 
the Northern Range at Spitskop (756) and Meckip-Zyn-Rand (954). 'The mineral 
occurs in a zone approximately 18 feet wide, which trends for considerable 
distances along the strike of the banded ironstones. 'The bands are generally 
of an inferior thickness and are conformably disposed with respect to the 
bedding planes of the parent rock. 'The crocidolite is poorly developed and a 
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fair proportion has already been pseudomorphosed into duartz. 'The fbres are 
inclined to be brittle, the deposit, therefore, appears to be of no economic 
importance. A few prospecting trenches were opened across the strike of the 
deposit, and attempts to exploit the crocidolite prove to have been unsuccessful. 

It is not duite clear in what manner the formation of the crocidolite 
was effected. It is likely that this mineral was formed as a result of the 
metamorphism exercised by the Bushveld Igneous intrusion. Evidence in favour 
of this probability will be submitted in a later chapter. 


Magnesitisation 


An interesting occurrence of magnesite was encountered on the north-slope 
of the Northern Range, immediately west of the poort cut by the Sterk River 
on Waterval (1316). Jn conseduence of a superficial cover of banded ironstone 
talus and thick growths of grass and shrubs, no solid outcrops could be located. 
The magnesite is present, mainly in the form of irregular, massive fragments. 
Thick veins of magnesite are also present in some of the banded ironstone 
talus fragments, while extremely small magnetite veinlets form an anastomosing 
network in some cases. Sometimes small veins of asbestos occur in association 
With the magnesite. 

The exact stratigraphic position of this magnesite occurrence could not 
be accurately determined. It seems reasonable to assume, that it is situated 
in the neighbourhood of the dolomite-banded ironstone contact. Judging by 
its mode of occurrence, it is guite clear that magnesite is the replacing mineral 
and that the mother rock (banded ironstones) was replaced. 


Hematitisation 


Since banded ironstones constitute the veritable protores of certain types 
of iron deposits in some parts of the world, and since these rocks are intimately 
associated with the valuable iron deposits at 'Thabazimbi, the writer took 
special care in attempting to locate deposits of iron ore. Tron-rich banded 
ironstones were not infreguently encountered but high-grade ore was only found 
in the vicinity of Gatkop. The iron deposits around Gatkop will be enumerated 
in the following order: 


(1) On the eastern face of the more southerly peak of Gatkop, a highly 
specularised zone is present in prozimity to the granite-banded ironstone contact. 
This zone was designated by Wagner as a deposit of “specularised banded 
ironstone.” (5, p. 168) Specularite crystals represent the chief ore mineral, 
the sizes varying from point to point. Since the specularite blades are not 
closely packed, the ore is extremely porous. The ore body is variegated from 
the base upwards. Silica-rich bands often alternate with zones which were 
more thoroughly specularised. 'The body is often traversed by silica veins 
which are up to 1 inch thick, as well as by an irregular network of specularite 
stringers. It is difficult to establish the confines of the ore-body on account 
of the presence of banded ironstone and ore talus. 'The ore composing this 
body is of low-grade, the average composition given by Wagner being 34.5% 
iron. Height above sea level at this 1ocality, as recorded by altimeter is 
5,120 feet. 


(2) On the eastern face of Gatkop, immediately to the west of the 
specularite ore body, a hematite ore lens is present at a height of 5,300 feet 
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(recorded by altimeter). 'The lens is approsimately 200 feet in length and has 
a maximum thickness of nearly 30 feet. It is conformable to the banded iron- 
stones in which it occurs. 

In handspecimen, the ore is a bluish-black hematite rock, similar to the 
high-grade ore of Thabazimbi. Of special interest in this ore body, is the 
presence of an asbestiform variety of hematite. There is not the slightest 
doubt that this type of hematite is a pseudomorphous mineral after crocidolite. 
The ore is of a very great purity. lron ranks as high as 69% and silica 
less than 1%. 

(3) On the north-eastern slope of the more northerly Gatkop peak on 
which the trigonometrical beacon is situated, another ore-lens is present. It 
is of limited measurable length and about 10 feet thick. Altimeter height 
is egual to 5,210 feet. 


(4) At the altimeter height of 5,520 feet on the slope immediately to the 
north of the trigonometrical beacon on Gatkop, high-grade iron-ore is again 
exposed. In outcrop, this occurrence difers markedly from all the other deposits, 
in this vicinity. 'The iron-ore is only visible in a circular patch measuring about 
20 feet in diameter. Since no talus ore is present on either side of the patch 
in the direction of strike of the banded ironstones, it is probable that this 
ocEUrrence represents an oval-shaped Tferruginised Zone. 


(5) In a direction due north-west of the trigonometrical beacon on Gatkop, 
several ore-lenses of limited proportions are exposed near the contact between 
the banded ironstones and Waterberg sediments. 


(6) Immediately to the south of the more northerly inlier of dolomite on 
the Gatkop banded ironstone tract, a highly ferruginised lens is present. 'The 
lens dips south-eastwards and is only a few feet thick. It appears that this 
body was very irregularly ferruginised. 

The depositional history and mineragraphy of the banded ironstones, as 
well as the mineragraphy and mode of origin of the associated iron ores will 
be fully described in a subseguent chapter. 


B. PRETORIA SERIES 


(2a) 'The Chiastolite Slaie Division 


Chiastolite-bearing slates are widely distributed in this area. Since they 
constitute a non-resistant horizon, outerops of chiastolite slate, where present, 
almost invariably occupy lowlands. In these low-lying belts, outcrops are only 
occasionally exposed and are usually highly weathered. 'The chiastolite crystals 
are clearly visible on weathered surfaces, since they generally stand out in 
relief. 

Stratigraphically, the chiastolite slates follow on the banded ironstone 
division, and may, therefore, be looked for on the down-dip slopes of the 
banded ironstone ranges. In the valley between the Northern and Southern 
Ranges, the slate belt skirts the base of the Northern Range, trending parallel 
with the latter towards the east. Along its southern confines, the slate belt 
is delimited by the low Timeball Hill Ridge. On Waterval (13816) the chiastolite 
slate belt narrows considerably until it completely pinches out, immediately 
to the west of the poort cut by the Sterk River through the Northern Range. 
A very interesting occurrence of a narrow chiastolite slate strip is present in 
close proximity to the Timeball Hill Ridge terminus on Waterval (1816). It is 
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EE AE EE SE Narrow band of ironstone. A thicker 
iron op along its southern boundary. 'The 
slate strip is, therefore, confined between two narrow ironstone bands, the 
southern one of which is succeeded by dolomite. 'This abnormal relation is 
a manifestation of the complicated geological structure in this locality 

Between the Southern Range and the Timebpall Hill Ridge on Brakvallei (40) 
Varsvlei (341) and Rooiwal (148) the chiastolite slates underlie the broad 
drift-covered flat. On the eastern portion of Rooiwal (143), this slate belt 
narrows appreciably until it practically pinches out on Sandrivierspoort (1817) 
Slates are again exposed on the south-western part of the latter farm and 
then form a broad valley-fat to the south of the Southern Range on 
Koppieskraal (1822) and the western portion of Renosterkloof (779). 'The belt 
again narrows markedly in the boundary area between Renosterkloof (719) 
and Weltevreden (766) and then forms the broad valley between the Southern 
Range and 'Timeball Hill Ridge on Groothoek (257). 

The degree of chiastolitisation in the slates differ from point to point within 
the slate belts. On Sandrivierspruit (1817) and Mckip-Zyn-Rand bluish-grey 
slates are present in Which crystals of Chiastolite are entirely absent. Variations 
in the number and size of the chiastolite crystals in the slates, were also 
observed. 'The colour of the slates is commonly grey to greyish-brown. On 
Renosterkloof (779) blackish chiastolite slates are COMMON, carrying grains of 
guartz. Biotite is present as an incipient constituent. 

Tn thin section, basal sections of andalusite prisms, display the characteristic 
chiastolite cross. Cordierite figures as a mineral of low-grade metamorphism 
in the chiastolite slates. 'The cordierite crystals are Ccommonly very poorly 
developed and are almost irrecognisably clouded with inclusions consisting 
mostly of iron-ore. 'These inclusions are exceptionally concentrated along the 
outer regions of the crystals, by reason of the limited expulsive capability 
of the crystals during initial growth. 'The groundmass is markedly sericitic 
in nature and contains numerous specks of iron-ore. Minute flakes of biotite 
are also well represented, denoting the initial stage in the formation of that 
mineral. Small crystals of tourmaline also figure as accessory constituents 
in the chiastolite slates. 'These metamorphosed rocks may be referred to the 
typical Longsight type of altered slates. 

Outerops of a thick diabase sill are present in the chiastolite slate belt 
in the valley between the Northern and Southern Ranges on Spitskop (156). 
Similar diabase outcrops were observed in the slate belt due south of the 
Southern Range on Brakvallei (40) and Varsvlei (341). Attempts to ascertain 
the presence of diabase outcrops in the slate belt further east, were unsuccessful. 


The Polo Ground @uartzites 


The Polo Ground duartzites follow conformably on the chiastolite slate 
division. In outcrop, it forms an eztremely narrow band, trending parallel to 
the chiastolite slate belt on Brakvallei (40) and Varsvlei (341). It is entirely 
absent in the valley between the Northern and Southern Ranges. 

The Polo Ground duartzites build a low insignificant ridge, immediately to 
the north of the Timeball Hill Ridge on Brakvallei (40) and Varsvlei (341). It 
is entirely absent on Sandrivierspoort (1317) and the eastern portion of Rooiwal 
(143). On Koppieskraal (13892), it again occupies a normal position to the 
north of the 'Timeball Hill Ridge. It is absent on the eastern and western parts 
of Renosterkloof (179) and Weltevreden (766) respectively, but it is again 
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e@xposed along the northwest-facing slope of the 'Timeball Hill Ridge on 
Groothoek (257). 

The Polo Ground duartzite band is only about 20 feet thick and consists 
of a reddish, coarse-grained rock in the central and western portions of the 
region. In places, the dguartzite is markedly crossbedded. 'The individual guartz 
grains composing the rock, are bound by a duartzose cement. On weathered 
surfaces the rock shows a deep-brown to black colour. Lithologically, the 
Polo Ground horizon on Groothoek (257) is less duartzitiec than the occurrences 
more to the west. 


The Shales and Hornfels 


The shale horizon succeeding the Polo Ground duartzite band, is very 
rarely exposed by reason of a talus cover of 'Timeball Hill aguartzite. Friable, 
arenaceous shales are sporadically exposed on Varsvlei (341). On Koppieskraal 
(1322) and Renosterkloof (779) the zone between the Polo ground and 'Timeball 
Hill duartzites is occupied by a black-coloured hornfels which markedly resembles 
an intrusive rock. In the south-western corner of Groothoek (257) excellent 
exposures are present. TJt forms a zone along the northwest-facing slope of 
the Timeball Hill Ridge on Groothoek, until it finally terminates against dolomite. 

In handspecimen, the hornfels is a coarse to medium-grained dark-coloured 
recrystallised rock of considerable hardness. Tn places, the texture is somewhat 
massive, but in some cases the original beddingplanes can be clearly recognised. 
It usually weathers in round or flattened discoidal blocks. 'The macroscopic 
minerals are usually andalusite, biotite and occasionally garnet. 

The hornfelsic rocks vary considerably in mineral constitution from place 
to place, in accordance with the stage of metamorphism and the original 
chemical composition of the rocks from which the hornfelses were derived. 
Cordierite is universally present but shows considerable duantitative variation. 
In the lower-grade hornfels, it usually figures as the most abundant mineral, 
appearing as large areas in thin section. It sometimes occurs in pseudostratified 
Zones, probably as a result of original differences in chemical composition of 
the alternating laminations. 'The cordierite crystals are studded with numerous 
inclusions consisting mostly of biotite, magnetite, duartz, muscovite, ilmenite 
and sometimes tourmaline. In the hornfels of higher metamorphic rank, the 
cordierite contains fewer inclusions; in some cases, inclusion-free patches are 
present. 'The cordierite is generally untwinned but pseudohexagonal twinning 
is sometimes beautifully developed. 

Biotite is well represented in the hornfels. Next to cordierite it constitutes 
the chief mineral constituent in the low-grade metamorphosed rocks and 
usually occurs as well-developed crystals. Pleochroic haloes are beautifully 
developed around minute crystals of zircon. 'The biotite sometimes includes 
erystals of cordierite. 'The biotite flakes are generally decussately arranged but 
in some cases they are parallelly disposed, conseduently displaying a gneissic 
appearance. 'The flakes are often slightly deviated from the parallel disposition 
by large crystals of cordierite, conseguently producing a porphyroblastic 
structure. In the higher metamorphosed hornfels the biotite appears to dwindle, 
since it goes to form minerals of a higher metamorphic rank. 'The available 
microscopic evidence conveys the suggestion that biotite and cordierite were 
jointly produced in the lower stages of metamorphism, but that cordierite 
continued to form during the higher stages. ` 
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Andalusite (var. chiastolite) also forms an important constituent of some 
hornfelses, its early formation being sponsored by the richness in alumina 
of the original rock. Chiastolite figures as well-developed prisms, basal sections 
of which exhibit the characteristic cross. 'These sometimes include orientated 
flakes of biotite. 

Hornblende forms a minor constituent of the high-grade hornfels and 
usually figures as crystal-aggregates and sometimes as minute inclusions in 
cordierite. Garnet (spessartitic almandine) is also an important constituent 
of the high-grade metamorphosed hornfels, and occurs as aggregates or in the 
form of disseminated crystals. At this metamorphic stage, the biotite has 
dwindled to such an extent that it only forms a minor constituent of the rock. 
The presence of hornblende, instead of hypersthene, is considered by Harker 
as being due to an excess of chlorite in the original rock. 'The chlorite is 
Supposed to have provided the calcium, which is necessary for the formation 
of hornblende. 

Sillimanite figures as a notable constituent in the case of the hornfels of 
high metamorphic rank. It usually occurs in slender needle-like prisms, 
mostly crowded together in sub-paralie] or sheaf-like arrangement. 'The tuits 
of sillimanite crystals appear to have been formed at the expense of the 
biotite which is mostly altered to chlorite. 

@uartz is present in variable proportions in the hornfels and invariably 
occurs in reerystallised form. 'The crystals conseguently display mosaic textures. 
Chlorite is present in minor proportions, usually occurring as an alteration 
product of biotite. Sericite figures as an accessory mineral, especially in the 
lower grades of metamorphic rocks and as an alteration product of some 
cordierite crystals. 

It is clear that this metamorphic assemblage attained a high grade of 
thermal metamorphism, which is rather unusual in view of the geological 
disposition of the metamorphosed zone with respect to the neighbouring 
sediments. Whether the metamorphism of this zone was accomplished by an 
intrusion between the Polo Ground and 'Timeball Hill dguartzite horizons, is not 
known for certain, but a suggestion of this nature appears to be highly probable. 

In general, this metamorphic assemblage may be classed with the Groothoek 
type of hornfels. On the other hand, some grades of the hornfels resemble 
the Malips river type, by virtue of the gneissic texture displayed in some cases. 


'The 'Timeball Hill Sediments 


'The Timeball Hill guartzites follow conformably on the underlying shale and 
hornfels horizon and build a conspicuous ridge where the succession is normal. 
On Brakvallei (40), Varsvlei (341) and Rooiwal (143), the Timeball Hill Ridge shows 
excellent, though discontinuous exposures, the general direction of alignment 
being strictly parallel to the Southern Range. On Sandrivierspoort, the Timeball 
Hill guartzites are in close contact with banded ironstones of the Southern Range. 
'Timeball Hill duartzites build a very conspicuous ridge on Olivenpoort (1323), 
Koppieskraal (1822) and the western portion of Renosterkloof (779), showing 
a normal relation with respect to the Southern Range, but making contact with 
granite along its southern poundary. On Weltevreden (766), and the eastern 
portion of Renosterkloof (779) outcrops of 'Timeball Hill duartzites are only 
intermittently exposed. On Groothoek (257), the guartzites are beautifully 
exposed, and they puild the high ridge which terminates abruptly against 


dolomite. 
S 
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In the valley between the Northern and Southern Ranges on Spitskop 
(756), Mckip-Zyn-Rand (954) and Waterval (13816), the Timeball Hill guartzites are 
intermittently exposed, forming a discontinuous ridge. From Mckip-Zyn-Rand 
(954) towards Waterval (13816) the outcrop steadily attenuates until it pinches 
out completely on the central portion of Waterval. On Spitskop (756) and 
the western portion of Mckip-Zyn-Rand, it seemingly makes contact along its 
Southern confines with a highly brecciated rock type consisting of banded 
ironstone and Timeball Hill duartzite fragments; it lies acjacent to dolomite on 
Waterval (1816) and the eastern portion of Mckip-Zyn-Rand (954). Along its 
northern boundary it contacts the chiastolite slate belt. 'These outcrops of 
Timeball Hill auartzites, clearly show a marked abnormal relation with respect 
to the confining sediments. lIn addition, the duartzites are crushed and 
brecciated to such an extent that it is well-nigh impossible to determine any 
dip and strike relations. Beautifully developed crush-breccias are present all 
along the 'Timeball Hill Ridge. 

Where normally developed, the Timeball Hill auartzite is a light pinkish-white, 
dense rock, as is typical in the case of the westerly outcrops. ln the east, 
the dguartzites are more greyish-white in colour. 'The duartzites on Varsvlei 
(341) are characterised by a marked degree of cross-bedding, in which the 
inclination of the crossbedded units are invariably low. Fossil ripple marks, 
having wavelength of 2 inches were also encountered in the duartzites on 
Brakvallei (40). The hard white duartzites are usually succeeded by a softer 
reddish-coloured, friable duartzite, which mostly occurs along the dip-slopes 
of the Timeball Hill Ridge. 

The lithology of the sediments which normally succeed the Timeball Hill 
dguartzites, could not be studied since they are throughout concealed by drift 
deposits. It is highly probable, however, that they consist chiefly of soft 
shaly or slaty sediments since they always underlie low-lying, bush- and 
grass-clad country. An amygdaloidal diabase sheet is present in these shales 
on Sandfontein (1182). 'The sheet occupies a position immediately below the 
Daspoort conglomerates and duartzites in this locality. 


The Daspoort Sediments 


Where normally displayed, the Daspoort sediments follow the Timeball Hill 
division in a seemingly conformable manner. On Brakvallei (40), Varsvlei (341) 
and Rooiwal (143) the resistant Daspoort duartzites build a '“discontinuous 
ridge, the general trend of which is strictly parallel to the Timeball Hill Ridge 
on these farms. From the eastern portion of Rooiwal (143), to the extreme 
western part of Sandfontein (1132), outerops of Daspoort sediments are 
completely absent. Excellent exposures are present on Sandfontein (1182), 
building the prominent Daspoort Ridge, and bearing a normal relation to 
the underlying sediments. An elongated outcrop on the western portion of 
Brakvallei (40) consisting of conglomeratic and duartzitiec facies, may duite 
probably be relegated to the Daspoort sediments. 

On Brakvallei (40) and Varsvlei (341) where the 'Timeball Hill-Daspoort 
succession is normal, the lowest arenaceous division of the Daspoort 
sediments is composed of a hblackish ferruginous duartzite. 'This band is 
stucceeded by a brown shaly horizon, which underlies another bed of brownish- 
white resistant duartzites. In other words, the Daspoort arenaceous 
sediments at this locality, consist of two dissimilar auartzite bands, separated 
from each other by an intermediate horizon of shale. Physically, the 
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Daspoort dguartzites, therefore, form a double ridge, the shales between the 
duartzite bands occupying the depression in between. 

On Rooiwal (148) the basal horizon of the Daspoort dguartzites is 
represented by a conglomerate, consisting of duartzitie pebbles. Some of the 
pebbles are well-rounded, others are flattened and banded. 'The conglomerate 
band is approximately 30 feet thick and is overlain by a reddish-brown friable 
rock containing white micaceous constituents. 'The latter horizon is succeeded 
by a blackish duartzite and then by a friable, whitish sandstone. No shales 
are present. 'The pebbles of the conglomerate are not actually crushed but 
they are traversed by hnumerous cracks. Stringers of Tferruginous material 
are often seen traversing the conglomerate. 

On Sandfontein (1132) the basal conglomerate is also well developed. It 
is overlain by a dark-coloured guartzite horizon, which is markedly crossbedded. 
The bedding-planes of the crossbedded units appear to have been the loci 
of secondary infiltrations of iron as a result of which the crossbedded nature 
is markedly accentuated. ln some cases, the duartzites contain micaceous 
constituents. 

The lower Daspoort duartzite division is succeeded by a bed consisting 
of soft friable sandstone and siliceous shales. 'This bed underlies the narrow 
valley between the lower and upper Daspoort @duartzites as in the case 
of the double-ridge on Brakvallei (40). 'The upper Daspoort duartzite division 
shows brown guartzites in its lower horizons, which are markedly crossbedded. 
These are succeeded by a white duartzite band which in turn grades into 
brownish crossbedded duartzites. 

The Daspoort duartzites on Sandfontein (1182) are succeeded by a 
shale bed, outerops of which are present only along the channel of the Sand 
River. 'The shales show a great variety of lithological characteristics. Grey 
to light greyish types are the most common, but carbonaceous varieties are 
not infreguently present. 'The latter types are well exposed along the 
south-eastern bank of the river, for a distance of 600 yards. 'These shales 
are well laminated and soil the fingers on touch. G@uartzitic lenses are sometimes 
present as well as secondary guartz veins. 'The latter occasionally consist 
of beautiful rose-guartz. 'The shales also act as a host to diabase sills. 


4. THE BUSHVELD COMPLEX 


A. THE BUSHVELD GRANITE 


Granite occupies large tracts in this region. Outcrops are, however, not 
freguent, since the granite invariably underlies low country which carries 
extensive drift and surface soil. (Good exposures are mainly confined to river 
channels. 'The contacts of the granite with other formations are almost 
invariably concealed, thus rendering a thorough study of the relationships 
wellnigh impossible. 'The characteristic nature of the soils was of valuable 
assistance in ascertaining the presence of granite sub-outcrops. 

Along the north flank of the Northern Range, scattered outcrops Of 
granophyric granite occur on Spitskop (756), Mckip-Zyn-Rand (954), Waterval 
(1316) and Buffelshoek (1314). These outcrops invariably make contact with 
dolomite of the Northern Range and Waterberg sediments. From Gatkop 
eastwards granite forms a broad outcrop, partly underlying the valley south 
of the Hoekberg Range. Tts contact with the lavas of the Hoekberg is 
nowhere exposed for study, but in all probability it trends along the southern 
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slope of that Range eastwards. 'The granite belt widens considerably on 
Nooitgedacht (3801) and Renosterhoekspruit (662). 

On Brakvallei (40), Varsvlei (341) and Rooiwal (1438), granite occurs 
immediately south of the Daspoort Ridge. On Sandrivierspoort (1317) and 
Olivenpoort (1823) the granite occurs near the Timeball Hill guartzite ridge; it 
also lies adjacent to the latter ridge on Koppieskraal (13822), Renosterkloof (79) 
and Weltevreden (766). On Sandfontein (1182) the granite belt curves around 
the Daspoort sediments, joining the granite strip leading from (Gatkop on 
Renosterhoekspruit (662). 

The granite occurring in the southern portion of this region, displays a 
characteristic reddish colour, which is typical of the Bushveld red granite. 
The outcrops in the northern parts of the region are mainly constituted of 
granophyric granite which generally shows a greyish colour. 'Textural 
variations are also common. On the southern portion of Varsvlei (341) fine- 
grained aplitic veins are. present in coarse red granite, while coarse pegmatitic 
granite is well developed on Sandspruit (1819). 

In the case of the red granites, most of the feldspars are extremely 
altered, almost beyond recognition. 'The feldspar components of the rock are 
represented by orthoclase and plagioclase, the latter varying from albite to 
oligoclase. 'The orthoclase crystals are extremely clouded, much more than 
the plagioclase. 'The cloudiness is mainly due to segregated ferruginous 
material and alteration products. Micro-perthite is also present in appreciable 
proportions. G@uartz figures as a major mineral constituent of the rock while 
greenish-coloured biotite is present in small proportions. Sphene and zircon 
are sometimes well represented and fiuorite occasionally fills minute cracks in 
the rock. The feldspars are mostly altered to sericite, chlorite and occasionally 
to green hornblende while calcite also figures as an alteration product in some 
cases. 

The granitic rocks in the northern parts of the region exhibit duite 
different microscopic features from those in the south. 'The dguartz and feldspar 
are often micrographically intergrown, thereby rendering the rock granophyric 
in texture. 'This feature is especially common in the granitic rocks along the 
base of the Northern Range leading from Spitskop (756) past Gatkop to 
Sandspruit (13819). On account of the exceptional development of micrographic 
textures in the granitic rocks on Spitskop (756), Mckip-Zyn-Rand (954) and 
Waterval (1316) these rocks may indeed be referred to as granophyres. 'These 
micrographic textures show considerable variations from myrmekitic, fine and 
coarse typical micrographic intergrowths to linearly disposed duartz and 
feldspar crystal segments. In addition the feldspars are mostly altered beyond 
recognition, the alteration products being sericite, chlorite, biotite and calcite. 
It is also interesting to note that some of the duartz crystals are cracked to 
a marked extent while others estinguish undulosely under crossed-nicols. 'The 
latter features are undoubtedly due to the considerable degree of tectonic 
deformation to which this granitic belt was subjected. 


B. THE FELSITES 


The felsites occurring in this region are confined to the southern slope of 
the Hoekberg Range. 'They underlie the Waterberg sediments which build the 
summits of this range, and make contact with the granite belt as previously 
mentioned. 
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The felsites are extremely fine-grained rocks usually exhibiting a light 
reddish to dark grey colour on fresh surfaces. Phenocrysts of feldspar are 
freguently distinguishable in a hand specimen. 

In thin section, the phenocrysts of albite are embedded in an extremely 
fine-grained groundmass, which carries minute erystals of duartz. 'The feldspars 
are mostly sericitised and chloritised, almost beyond recognition. G@uartz often 
figures in the form of acicular needles, sometimes in rosette-like aggregates 
which are probably pseudomorphous products after feldspar. Tn some cases 
the guartz erystals eztinguish undulosely while others are considerably cracked. 
Numerous specks of magnetite and sometimes hematite are also present, which 
appreciably increase the cloudiness of the thin section. 

Cassiterite, occurring in the felsite succession, was formerly exploited on 
Nooitgedacht (301). 'The duarries are situated at the base of the Hoekberg 
Range and it appears that the cassiterite occurs in pipe-like bodies. 


5. DIABASE INTRUSIONS 


Intrusions of diabase are widely distributed in this region. Several sills and 
dykes are present on Buffelshoek (1814), varying in thickness from 38 to 60 feet. 
The trend of these intrusions is generally east-west. 

Numerous dykes are probably concealed by soil and surface deposits in 
the flats to the west of Gatkop. A few sills in Waterberg sandstone are 
well exposed in the river channels of the Sterk River on Buffelshoek (1314). 

Of general interest is the presence of a tepid spring at the contact of 
a diabase sill and Waterberg sediments, occurring on Buffelshoek, near the 
homestead of Mr. Fouché. 'The water apparently charged with carbon dioxide 
emanates along the lower contact of the sill. 


290 


THE STRUCTURAL GEOLOGY OF THE REGION 
INTRODUCTION 


In the foregoing pages, a detailed description was given of the areal 
distribution, lithology and physiographic expression of the various rock 
formations, encountered in this area. During the course of the discussion it 
became evident that the field distribution and inter-relationships of the various 
rock units show considerable variations and abnormalities from place to place. 
In the following pages, it is intended to record the structural disposition and 
inter-relationships of the various formations, both regionally and locally, and 
to present a reconstruction of the structural evolution of the entire area. 


SIMPLE STRUCTURES: FOLDS AND OVERFOLDS IN THE 
TRANSVAAL SYSTEM 


From Spitskop (756) to the boundary of Meckip-Zyn-Rand (954) and 
Waterval (13816), the dolomite occurring between the Northern and Southern 
Ranges, dips at an angle of 50-60% due south, in accordance with the banded 
ironstone division. Similar southward dips are displayed by the chiastolite 
slate formation and the succeeding 'Timeball Hill and Daspoort sediments on 
Brakvallei (40), Varsvlei (341) and Rooiwal (148). On the south-western portion 
of Waterval (13816), the strike of the dolomite in the valley-flat varies from 
east-west to north-south, while the dip correspondingly exhibits considerable 
variations in direction and amount. Tt is in this locality that the dolomite 
belt leading from Spitskop (756), widens. Further east, the dolomite belt is 
much wider but the dip and strike relations are again similar to that of the 
dolomite strip leading from the west. Tt is, therefore, evident that the variable 
dip and strike relations on the south-western portion of Waterval (1816), marks 
the nose of a major anticline which becomes isoclinal further east. See $S. 3 
and 4, Plate 1. 'There is not the slightest evidence that a similar structure 
exists in the dolomite on Spitskop (756) and Mckip-Zyn-Rand (954). In the 
vicinity of the junction of the Sterk and Sand Rivers, this anticlinal structure 
is clearly evinced by the broad belt of dolomite and by the normal succession 
of banded ironstones along the northern limb of the anticline. (On the central 
portion of Sandrivierspoort (13817), the broad outcrop of banded ironstones 
as well as the dips shown, clearly indicate that the major dolomite anticline 
is succeeded southwards by a syncline and then by an anticline in the banded 
ironstones (S. 5, Plate 1). The low south- and northward dips of the southern 
and northern limbs (respectively) of the dolomite anticline on the north- 
eastern part of Sandrivierspoort (1317), are due to the fact that the anticline 
has fiattened out. In all probability, this anticlinal structure persists in the 
dolomite belt, further east and connects up with the major anticline, 
immediately south of the synclinally disposed banded ironstone outlier on the 
central portion of Rookpoort (876). On the south-eastern part of the latter 
farm, the anticline of dolomite passes underneath the banded ironstone cover. 
Erosion succeeded in exposing the crest of the anticline, thereby producing the 
tongue-shaped dolomite valley in this locality. 
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The spur of banded ironstones projecting westwards from the terminus 
of the Southern Range on Rietfontein (1198) is synclinally disposed and since 
it shows marked alignment with the elongated banded ironstone outlier further 
west, it is in all probability a continuation of the synclinal structure, suceeeding 
the major dolomite anticline in this area. See $S. 9, 10 and 11, Plate 1. The 
southern limb of the anticline on Rookpoort (876) was considered by Humphrey 
as being a fault-line, with down-throw towards the north. No such disturbance 
could be verified by the writer in the field. It will be necessary to refer again 
to this deduction of Humphreys. 

The dolomite and banded ironstones along the Northern Range which 
finally culminates in the Gatkop promontory, also present some interesting 
structural features. From Spitskop (756) to the north-eastern farm-beacon of 
Mckip-Zyn-Rand (954), the dolomite exhibits a constant southerly dip. 'The 
structural disposition of the overlying hbanded ironstones is, however, more 
complicated. The variability in direction and amount of dip is to a large 
extent responsible for the unusual breadth of outcrop. On the north-western 
portion of Waterval (1316), the crest of an anticline in dolomite is clearly 
exposed. 'The anticline is slightly overturned towards the north. lImmediately 
to the west of this locality, the dolomite occurring along the crest of the 
anticline disappears beneath banded ironstones. As a result of diferential 
erosion along the crest-line, the dolomite extends in tongue-like fashion into 
the overlying banded ironstones. 'That the anticline is succeeded northwards 
by a syncline is proved by a similar projection of banded ironstones in dolomite 
and the reversed dip relations along the sides of the banded ironstone spur 
at this locality. See S. 2, Plate 1. 'The varied dip relations in the banded 
ironstones further west, therefore, afford proof that the synclinal and anticlinal 
structure persists in the direction of Mckip-Zyn-Rand (954). 

The available field evidence indicates that only the anticline persists in 
the dolomite further east. 'The presence of a chiastolite slate outlier in the 
banded ironstones about 2.5 miles from the poort cut by the Sterk River 
through the Northern Range is, however, indicative of a synclinal structure 
in the banded ironstones. Direct evidence regarding the existence of a major 
anticline in the dolomite north of the Sterk River poort is afforded by the 
narrow strip of disturbed southward-dipping banded ironstones succeeding 
dolomite near the middle of the Waterval (1316) - Buffelshoek (13814) boundary 
line. 'The dolomite belt to the south is approximately 1.25 miles wide and 
shows a constant southerly dip, until it is succeeded by banded ironstones 
building the Northern Range east of the Sterk River poort. 'The overturned 
disposition of the anticline in the dolomite is clearly manifested in the constant 
southerly dips exhibited by the narrow strip of banded ironstones as well 
as in the entire dolomite succession. 'The ironstones constituting tie Northern 
Range east of the Sterk River poort are synclinally disposed as well as the 
parallel strip occurring a few hundred vyards further south. See $S. 5, Plate 1. 

The dolomite saddle occupying the depression between the ironstone 
synclinal ridges, therefore, naturally exhibits a minor anticlinal structure; there 
is not the slightest field evidence to suggest that a fault exists in between 
the ironstone outerops jn duestion. 'The southern ironstone syncline is 
succeeded southwards by the major anticlinal structure in the dolomite 
occupying the valley between the Northern and Southern Ranges. See S. 5, 
Plate 1. The minor banded ironstone synclines, therefore, occupy an intermediate 
position between the major dolomite anticlines in the northern and southern 
dolomite belts respectively. By referring to the accompanying geological map, 
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it will, therefore, be seen that the two dolomite belts leading from the west 
are linked up with each other in synclinal and anticlinal fashion. 

In an easterly direction, the crest of the major anticline in the dolomite 
belt to the north of the Northern Range, crosses the latter Range along the 
trough of the dolomite saddle on the south-western portion of Donkerpoort 
(1315). 'The synclinal outliers of banded ironstones and the anticlinal inliers 
of dolomite in banded ironstone due north and north-east of the latter 
(respectively) locality also indicate that the Dolomite Series was thrown into 
minor synclines and anticlines towards Gatkop. See $. 6 and S. 1 Plate ii 
The relatively broad exposure of banded ironstones in the neighbourhood of 
Gatkop, demands special attention. Mellor, in describing the structural 
disposition of the ironstone occurrence states: “The broad mass of guartzites 
Which crowns the main mountain may be said to be made up of two portions 
dipping towards one another. 'The edges of the masses form two approximately 
parallel ridges running eastwards to the twin peaks of the summit. Here 
the beds of the northern ridge curving southwards in horse-shoe fashion 
come into connection with those of the southern ridge, the whole mass thus 
forming a faulted syncline with one end closed” (39. p. 2a). mi tnelf Hent 
of the available field data, it is doubtful, whether the banded ironstone mass 
is faulted. It is much more likely that the mass is a remnant of a compressed 
syncline which pitches southwards. Along the northern rim of the ironstone 
mass, the dip is 45-50: due south. 'The north-western limb of the syncline 
dips at 50% to the south-east. The structural disposition of the eastern limbp 
is much more complicated. It appears that the edge of the syncline was 
appreciably turned up and in places overturned towards the north-west. 

The banded ironstone and dolomite strike-ridge on Groothoek (297) and 
Nooitgedacht (301) may be looked upon as a synclinal erosion relic. 'The 
synclinal disposition is clearly indicated by the southward- and northward- 
dipping dolomite and ironstones along the northern and southern slopes 
respectively. The southerly dips in the dolomite on the southward facing slope 
of the ridge, especially on the western portion of the latter, also show that 
a minor anticline exists in the dolomite. See S. 18, between Band AT Pisteli 
Tt also appears in the field that the entire dolomite-banded ironstone structure 
is slightly overturned towards the north. ) 

The 'Timeball Hill and Daspoort Ridges on Groothoek (257), Sandfontein 
(1132) and Nooitgedacht (301) trend approximately south-west—north-east 
and are abruptly truncated on both the north-eastern and south-western 
extremities. The outcrops which compose these ridges show marked variations 
in strike and dip from place to place 'The Daspoort Ridge clearly 
represents an arc which is concave towards the north-west. The general 
dip is towards the east and south-east. 'The structural disposition Of ie 
Daspoort Ridge may, therefore, be interpreted as being in the form HE 
a major anticline, in which the limbs dip at low angles from the crest, . 
which also pitches steeply towards the south-east. Tn addition, since 
dip of the limbs exhibit considerable variations from place to place ie EE 
angles to the strike), the structure of the Daspoort Ridge Es e MO 
accurately described as displaying a roughly anti-clinorial disposition. 

In conclusion, the major fold structures, as displayed by the Transvaa 
System sediments, may be summarised as follows: 


(a) The existence of a major overfolded anticline is evident in the dolomite 
along the northern slope of the Northern Range. 
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(b) A similar structure in dolomite is present in the valley between the 
Northern and Southern Ranges on Waterval (13816). 


(c) These major structures are linked by two intermediate synclines due 
east of the Sterk River poort on Waterval (1316), by virtue of which 
an undisturbed fold-system was produced. See S. 5, Plate 1. 


(d) The major anticlinal structure in the dolomite belt north of the 
Southern Range persists eastwards and dies out beneath the banded 
ironstones on the southern portion of Rietfontein (1198). 


(e) A series of minor anticlines and synclines, is present in the dolomite 
and banded ironstone Range on Donkerpoort (1315). 


The Gatkop banded ironstone mass is synclinally disposed and the 
south-eastern edge is overturned in places. 


(g@) The rim of Waterberg sediments along the Hoekberg Range is tilted, 
and in places overturned towards the north. 


(h) The 'dolomite-banded ironstone ridge on (Groothoek (257) and 
Nooitgedacht is. synclinal in structure. 


(i) The north-east-trending Daspoort Ridge on Sandfontein (11382) 
displays an anticlinorial structure. 


(j) The succession of chiastolite slates, 'Timeball Hill and Daspoort 
sediments on Brakvallei (40), Varsvlei (341) and Rooiwal (143) dip 
southwards in normal fashion. 


(£ 


—— 


THE 'THRUST-FAULTS 


(2a) The Gatkop 'Thrust 


In the foregoing pages, it was pointed out that the dolomite belt along 
the northern slope of the Northern Range from Spitskop (756) and further 
to the east, makes contact with Waterberg sediments along the base of the 
Range. 'There is not the slightest doubt that the contact relation between 
the dolomite and the Waterberg System is a tectonic one. 'This is very clearly 
indicated by the fact that on Spitskop (756), the Waterberg sandstones dip 
at a high angle beneath the dolomite (see $S. 1. A, Plate 1), while further to 
the north, the sandstones normally dip at a low angle due north. 'These 
features strongly suggest that the rim of the Waterberg System was overturned 
towards the north by the movement of the dolomite and overlying sediments 
along a thrust-plane, which dips due south (see $S. 1. A, Plate 1). Tt must 
also be kept in mind that the prominent Northern Range overlooks the flat, 
which is underlain by Waterberg sediments, much younger than those of the 
Transvaal System. 'The physiographic expression of the Range as well as the 
obvious feature that the Transvaal System overlies the Younger Waterberg 
formation, also suggest that a major thrust-line exists along the base of the 
Northern Range. More direct proof of such movement along a thrust-plane 
is rendered by the presence of a friction breccia at the base of the Northern 
Range due north-east of Thabazimbi (just beyond the confines of the area). 
That the dolomite has actually moved on a plane underlain by Waterberg 
sandstones, is clearly indicated by the fact that the breccia consists mostly 
of dolomite and Waterberg sandstone fragments. 
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Along the base of the Northern Range on Meckip-Zyn-Rand (954) and 
Waterval (1316), the presence of the thrust-breccia could not be ascertained 
by reason of an extensive cover of banded ironstone and dolomite talus. On 
the north-western slope of the Range leading to Gatkop, in the neighbourhood 
of where the dolomite belt pinches out completely beneath the Gatkop iron- 
stone mass, excellent exposures of the contact between the dolomite and 
Waterberg System can be seen. In this locality the dolomite reposes directly 
on a conglomeratic facies of the Waterberg System, and provides clear proof 
that the Transvaal System actually overrides the younger formation. 'The 
contact-plane, viz., thrust-plane, shows a very low dip towards the south and 
the zone in the vicinity of the thrust-plane contains numerous veinlets of 
duartz which generally conform with the inclination of the thrust-plane. NO 
friction-breccias are visible on the thrust-plane, but shearing in both the 
dolomite and underlying conglomerate is clearly displayed. It is of interest 
to note also, that the scattered granophyre outcrops occurring along the 
thrust-line from Spitskop (756) to the south-eastern portion of Buffelshoek 
(1314), were considerably affected by this disturbance.. Some of the guartz 
Grystals show marked undulose extinction while others are cracked to a 
considerable extent. 'The degree of alteration exhibited by the granophyre 
on the north-eastern portion of Mckip-Zyn-Rand (954) is probably also related 
effectually to the dynamic deformation. 


'The most direct evidence regarding the overthrusted relation between the 
Transvaal and Waterberg Systems is provided by the structural disposition 
of the Gatkop banded ironstone mass. In 1904, Jorissen referred to the banded 
ironstones at Gatkop as representing the faulted northern limb of an anticline 
in the Transvaal sediments. He recognised the unconformable relation between 
the Transvaal and Waterberg Systems in this locality and stated that the 
Waterberg sandstones rest “on a faulted portion and against one of the limbs 
of an anticline consisting of Pretoria Beds” (30, p. 37). Mellor was the first 
to ascertain the presence of a thrust-fault along the plane of '“junction 
between the rocks of the 'Transvaal System and the Waterberg strata” 
(39, p. 57). He emphasises that “the overthrust character of the fault is also 
shown with exceptional clearness, and can be followed foot by foot in a traverse 
from either end of the mountain to the other. 1Tt is rare to find the details 
of faulting of this character exposed with the unusual clearness shown by 
the section afforded by the steep slopes of Gatkop” (39, p. 57). The overthrusted 
relation between the Waterberg and Transvaal Systems can in no way be 
doubted. 'The banded ironstones form an overthrusted segment which actually 
overrides the lower portions of the Waterberg System to a considerable extent. 
The available field evidence indicates that the inclination of the thrust-plane 
in the neighbourhood of Gatkop is always inclined at a low angle due south. 
To the north of Gatkop, the Waterberg sediments dip at a low angle due 
north, while along the contact of the latter and the granite to the east of 
Gatkop, the dip of the Waterberg strata is io towards the south. 'The latter 
feature indicates that the edges of the Waterberg sediments were slightly 
overtilted towards the north. It is interesting to note that Mellor originally 
believed that the Red Granite is intrusive into the Waterberg sediments. He 
stated that “along the fault-plane has been intruded a mass of Red Granite 
which now partially separates the rocks of the two systems . . ..- The well- 
marked marginal phenomena shown by the granite leave No doubt as to its 
intrusive relationship to the sediments, and its transgression from lower to 
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higher horizons of the nearly vertical beds is clearly seen” (39, p. 56). According 
to Mellor, therefore, the intrusion of the Red Granite postdates the deposition 
of the Waterberg formation as well as the orogenic pressure which gave rise 
to the thrust. 


In 1922, the area around Gatkop was visited by the members of the Shaler 
Memorial Expedition (headed by Daly) and the contact relation between the 
Granite and Waterberg sediments was carefully restudied by Molengraaff and 
Rogers. 'The conclusion arrived at by Mellor could not be substantiated since 
“no evidence whatever could be obtained of the supposed intrusive character 
of the Granite” (6, p. 96). The relation existing between the Granite and the 
sediments was aseribed to the tectonic deformation to which this area was 
subjected and as a result of which “the granite and the Waterberg conglomerates 
and sandstones are well welded together in the plane of contact” (2. jou le 


A succession of minor thrust-planes, which run almost parallel to the 
major thrust-plane near the summit of Gatkop, was also noticed during the 
study of the Granite-Waterberg contact. “These thrust-planes cut both 
through the granite and the sandstones ....” (6, p. 28), and thus gave rise 
to a kind of imbricated structure. 'The rocks in the neighbourhood of the 
ma'or and minor thrust-faults are intensely sheared. Along the northern face 
of Gatkop, the fault-line is occupied by a duartz vein. 


By reason of the absence to-day of Transvaal System rocks due east and 
west of the Gatkop peak, the entire Gatkop promontory may be considered as 
a northwardly pushed-up segment of the Transvaal System, and as a result 
of this action the dolomite division was partially dismembered from the banded 
ironstones. ln addition, the relation of the thrust-plane at Gatkop with the 
fold structures shown by the ironstone and dolomite outerops in the 
neighbourhood of Gatkop, seems to suggest that the mode of thrusting was 
1argely infiuenced by the structural disposition of the sediments before thrusting 
took place. 

To the south and south-east of Gatkop, the dolomite division contacts the 
granite underlying the Sand River valley. It is difficult to ascertain the exact 
nature of the dolomite-granite contact by reason of the fact that it underlies 
the alluviated valley, where outcrops are scanty. It must be remembered that 
the dolomite tract leading from Waterval (13816), across Sandrivierspoort (13817), 
Sandspruit (13819) and Rookpoort (876) is folded to a considerable extent and 
in some places overfolded towards the north. In addition, the Hoekberg Range 
to the north of the dolomite-granite contact exhibits clear evidence of intense 
deformation. 'The lower strata of the Waterberg System are markedly turned 
up and in places overtilted towards the north. It is highly improbable that 
the powerful thrust as manifested at Gatkop, had no effect further eastwards. 
A11 the available data, therefore, strongly suggest that a thrust-fault is present 
along the dolomite-granite contact on Sandspruit (13819) and Rookpoort (876). 
It can be stated with reasonable assurance that the thrust-fault formerly 
emerged much closer to the Hoekberg Range than is shown to-day. It also 
seems probable that the thrust-line formerly extended from Gatkop due east, 
along, or on the Hoekberg Range, and that subsedguent erosion by the Sand 
River along the low angle thrust-plane effected a southward shift in the line 
of emergence of the thrust-plane. 

On the southern portion of Rietfontein (1198) the banded ironstone division 
almost makes contact with granite. From this locality further east, almost 
the entire Transvaal System is exposed and strikes generally in a north-easterly 
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direction. In a line drawn from the southern portion of Rietfontein (1198) 
due east, the Transvaal succession on Groothoek (257), Nooitgedacht (301) and 
Sandfontein (1132), abuts obliguely against the dolomite and banded ironstone 
divisions of the Dolomite Series. As previously described, the latter series builds 
a wedge-like north-western to south-eastern strike-ridge in the valley south 
of the Hoekberg Range on Groothoek (257) and Nooitgedacht (301). By referring 
to the accompanying geological map, it can be clearly seen that the entire 
Transvaal succession, from the south-western portion of Rookpoort (876) further 
east, shows a marked abnormal relation with respect to the wedge-like ridge 
of Dolomite Series. The contact line partitioning these two segments of the 
Transvaal System, shows a striking alignment with the general trend and 
strike of the thrust-plane of Gatkop and further west. All the available 
evidence, therefore, clearly indicates that the contact-line between the Transvaal 
System segments on Groothoek (257) and Nooitgedacht (301) is in fact a 
thrust-line, and that it represents the eastward continuation of the major 
thrust leading from the west. In addition, the rim of the Waterberg formation 
along the Hoekberg Range, north of the wedge-like ridge, is appreciably turned 
up and in places overtilted towards the north, while the sediments of the 
Pretoria Series on Groothoek (257) and Sandfontein (1132) also exhibit clear 
evidence of deformation. All these features indicate that intense pressure was 
involved. At Gatkop, the deformation of the Waterberg sediments is directly 
related to the process of thrusting. A similar relation appears to be evident 
on Groothoek (257) and Nooitgedacht (301). 

The available field evidence as recorded above, therefore, clearly shows that 
a major thrust (viz., the Gatkop Thrust) can be traced from Spitskop (756) in 
the west, along the base of the Northern Range on Mckip-Zyn-Rand (954) and 
Waterval (1316) past Gatkop, to the farm Nooitgedacht (301) in the east. 
(See S. 1—S. 14, Plate 1) Along the line of disturbance, Gatkop ranks as a 
bulging mass, by virtue of the erosional resistance exercised by the banded 
ironstone division. Generally, the strike of the thrust-plane conforms with the 
regional strike of the overthrust formations but in the eastern portion of the 
region, the strike of the thrust bears a transgressive relation to that of 
the formations. 

Whereas the thrust-line mostly parallels the northern dolomite belt in the 
west, it obliguely traverses the entire Transvaal System in the east. 'The 
upper divisions of the Pretoria Series display a rudimentary anticlinorial 
structure on Sandfontein, abutting in the north against a transversely disposed 
segment of the Dolomite Series. The latter feature, which can by no means 
be explained by normal faulting, clearly illustrates the effect of excessive 
thrusting, by reason of which the upper division of the 'Transvaal System 
actually overrode the lower portions of the system in an obligue fashion. 


The Gatkop Branch-Thrust on Groothoek (25%) and Nooitgedacht (301) 


According to Humphrey (32, p. 23), the banded ironstones which traverse 
Rookpoort (876) and which terminate abruptly on the north-western boundary 
of Groothoek (257), are shifted in outcrop “by a fault a little further to the 
north-east and then continued in a more south-easterly direction into 
Nooitgedacht (301). Along this ridge the banded ironstones ShOW southerly dips 
and the Dolomite is exposed at its western end.” In the first instance, dolomite 
forms a narrow belt along the northern slope of this ridge and a much broader 
strip along the southern slope. Tn addition, the dolomite and banded ironstones 
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also show northerly dips along the southern slope, as previously indicated. 'The 
1atter feature shows clearly that this ridge is synclinally disposed and can, 
therefore, by no means be regarded as a structural continuation of the Southern 
Range, as advocated by Humphrey. A transverse fault as postulated by 
Humphrey, also fails to explain the structural disposition of the ridge. It 
is, therefore, clear that the dolomite and hbanded ironstones composing the 
ridge, form a separate structural entity by virtue of their position in between 
the Hoekberg Range and the Timeball Hill-Daspoort Ridges. The dolomite strip 
underlying the valley leading from the south-slope of the ridge is delimited 
by the Gatkop thrust-line, described above. 1t may be of interest to present 
a brief description of the locality in which the dolomite makes contact with 
'Timeball Hill duartsites. ln the vicinity of the thrust-line, the Timeball Hill 
dguartzites are intensely crushed. The strike of the Timeball Hill sediments further 
south is generally north-east, but along the contact with the dolomite, it is almost 
east-west, parallel to the strike of the thrust-plane. 'The northern extremity of 
the Timeball Hill Ridge was also clearly infolded along a narrow strip bordering 
the fault-line. 'The change in strike as well as the infolding is attributed to 
thrusting. It is also evident that the induced east-west strike in close prozimity 
of the fault-line provides additional evidence in favour of the statement above, 
viz., that the dolomite and ironstone ridge is a separate structural unit. 

Along the north-slope of the ridge, the dolomite strip pinches out completely 
between granite and banded ironstone outcrops. 'This feature, in addition to 
the structure of the entire ridge and the disposition of the confining geological 
rock units, strongly suggest that the contact between the granite and dolomite- 
banded ironstone unit, is in fact the emergence of a thrust-plane of low 
Southward inclination. Furthermore, it appears reasonable to infer that this 
line of dislocation is a branch-thrust of the major Gatkop Thrust. By the 
above postulation of the structural disposition of the dolomite-banded ironstone 
assemblage on Groothoek (257) and Nooitgedacht (301), many puzzdling features 
are made clear. The dolomite series comprising the ridge appears as a segment 
confined between the thrust-planes of the branch-thrust and the major 
Gatkop Thrust. 'The limited extent of the wedge-like ridge becomes clear by 
considering the effect of erosion along a thrust-plane of low inclination. It 
is highly probable that the dolomite-banded ironstone ridge extended further 
west in the valley south of the Hoekberg and that the line of emergence of 
the thrust-plane migrated eastwards and southwards as erosion proceeded. 
The intermediate position of the dolomite-ironstone segment between the 
Transvaal System sediments and the resistant Hoekberg Range seems to indicate. 
that the Waterberg buffer played a very important role during the process 
of thrusting. 


(b) 'The Southern Thrust 


By referring to the accompanying geological map, it will be seen that the 
outcerop of the Transvaal System sediments is delimited in the south by a 
line, beyond which only granite occurs. See B (S. 9—S. 14), Plate 1. 

On the farms Brakvallei (40), Varsvlei (341) and the western portion of 
Rooiwal (148) the complete succession of the Pretoria Series, viz,, the Polo Ground, 
Timeball Hill and Daspoort sediments, is clearly exposed and dip at an 
angle of 40-60? due south. On the central portion of Rooiwal (148), the 
Daspoort sediments leading irom the west die out abruptly against eran'te. 
Henceforth the Timeball Hill guartzites and succeeding shales make direct contact 
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MERE. red granite. On Koppieskraal (1822), Renosterkloof (79) and 
vre en (766), the 'Timeball Hill guartzites constitute a prominent ridge, and 
make direct contact with granite along their southern boundary. 'The Tjek el 
Hill Ridge shows precipitous southern slopes on the latter farms and 'ihe 
ER os Ee crushed and puckered along the contact with the tale 
n e western portion of Sandfontein j j i 
completely against granite. ae ok EE OE Oe oe 

It is, therefore, evident that the contact between the granit j 
Series from Rooiwal (148) in the west, to Sandfontein (1152) in Ee 
a line of dislocation, by reason of which the Daspoort division OË the 
Pretoria Series was completely cut out in outerop. It is of interest to note 
that the line of disturbance is nearly parallel to the general trend of the 
Timeball Hill Ridge in the central portion of the area. If normal faulting with 
southern downthrow had taken place along this line, one would expect an 
appearance of the Daspoort sediments on the downthrow side. A northern 
downthrow would have doubled the Daspoort outcrops. Not the slightest 
evidence of such repetition is present to suggest that normal faulting of either 
kind had taken place. Tt, therefore, appears justifiable to assume that the 
line of disturbance is in fact a thrust-line. 

On Rooiwal (143) the westerly extension of the deduced thrust is shown to 
pass into granite (on the map) but no actual evidence for this exists. Soil 
contacts with the outcrops of Daspoort sediments suggest an adjacent 
granite mass, and whether a branch-thrust demarcates this contact or not, 
could not be established on surface evidence. 

The available evidence suggests that the thrust-plane of the Southern 
Thrust-fault is inclined at a higher angle towards the south than that of 
the Gatkop thrust. It has been pointed out that the Timeball Hill Ridge on 
Koppieskraal (1822) shows steep, precipitous south-slopes, a feature which 
seems to be largely due to the high inclination of the thrust-plane. Tt is 
also of interest to note that the Gatkop and Southern 'Thrusts are regionally 
parallel to each other and the thrust-line tends to follow the strike of the 
thrusted formations. 'The eastern portion of the area provides a striking 
exception since both the Gatkop and Southern thrust-lines trend obliguely 
across the Pretoria Series. In a discussion of the geology of the farm 
Renosterhoekspruit (669), Humphrey mentions the presence of “a tongue-like 
mass of the Transvaal System faulted against the Red Granite on its southern 
boundary and probably also along its northern boundary as well” (32, p. 23). 
'This tongue of Transvaal sediments, occupying the 1lowland to the east of the 
Daspoort Ridge on Sandfontein (1132) is clearly confined between the Gatkop 
and Southern thrusts. 


(c) 'The Intermediate Thrusts 


In the foregoing pages it was pointed out that the entire belt of Transvaal 
System sediments is confined between the Gatkop and Southern thrusts, and 
that a branch-thrust is responsible for the presence of the dolomite-ironstone 
structural unit on Groothoek (257) and Nooitgedacht (301). By carefully 
studying the structural disposition of the Transvaal System contained between 
these two major thrust-lines, it became evident that the pressure which caused 
the major thrusts also had a considerable effect on the intermediate strip region. 
Tt has already been indicated that the dolomite series was thrown into a 
succession of overturned anticlines and synclines along the entire belt. In 
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addition, the available field evidence clearly shows that the Transvaal System 
was also dislocated by means of intermediate thrusting. These intermediate 
thrusts may be described in the following order. 


(1) 'The 'Timeball Hill Thrusts 


1t has been mentioned that a disconnected ridge of Timeball Hill duartzites 
occurs in the valley between the Northern and Southern Ranges on Spitskop 
(156), Mckip-Zyn-Rand (954) and Waterval (1316). 

Humphrey is of opinion that the duplication of the banded ironstone 
Ranges (viz. the Northern and Southern Ranges), is. the result of strike- 
faulting, and that the presence of the duartzites in the valley between the 
Ranges is due to the same cause. Wagner, on the other hand, ascribes the 
duplication of the ironstone ranges and the presence of duartzites (belonging 
to the Pretoria Series) in the valley between the Ranges, as being due to 
reverse strike-faults, “by which the rocks of the Transvaal System have been 
successively let down in step-like manner towards the north” (54, p. 15). 
According to these observers, one would expect to find exposures of the Polo 
Ground guartzites to the north of the 'Timeball Hill Ridge, since in normal cases, 
the Polo Ground duartzites occupy a stratigraphically lower position than the 
'Timeball Hill sediments. Not the slightest evidence of the presence of Polo Ground 
sediments in the chiastolite slate belt to the north of the Timeball Hill Ridge 
could be obtained. It must be kept in mind that the slate belt between 
the Northern Range and Timeball Hill Ridge narrows considerably on Waterval 
(13816), until it finally pinches out completely to the west of the poort cut 
by the Sterk River through the Northern Range (see geological map). 'The 
abnormal succession of the Pretoria Series on Waterval (13816) is clearly indicated 
by the fact that the Timeball Hill Ridge trends transgressively across the valley 
floor from Spitskop (756) to Waterval (1316) until *#t skirts the south-slope 
of the Northern Range on the latter farm. Conseguently, the 'Timeball Hill 
duartzites practically make contact with banded ironstones, immediately west 
of the Sterk River poort. 'These features throw much doubt on the conclusions 
of Humphrey and Wagner. It is extremely difficult to explain the geological 
relationships of the rock units in the field by postulating the presence of 
strike-faults. 

The 'Timeball Hill duartzites are intensely crushed and puckered. ITt is 
practically impossible to determine any strike and dip relations since all 
the outcrops are in fact, brecciated, deformed masses. On the farms Spitskop 
(756) and Meckip-Zyn-Rand, an interesting rock type is present, due south of the 
'Timeball Hill Ridge, and was mapped as a separate unit. Tt is mainly composed 
of brecciated banded ironstone. In places, duartzitic fragments also constitute 
a fair proportion of the rock. It appears probable that the dguartzitic 
constituents were derived from the Timeball Hill duartzites and were puckered 
together with banded ironstones, thus giving rise to a crush-preccia. Dolomite- 
breccias are also present in the dolomite neighbouring the banded ironstone 
crush-rocks. Tt is interesting to note that the ironstone- and dguartzite-breccias 
are considerably ferruginised, and that the enrichment in iron was effected 
after the rocks had been brecciated. Tn addition, the presence of sideritised 
dolomite masses in the neighbourhood of the ironstone and auartzite breccias, 
provides evidence that ferruginisation.had taken place in the dolomite also. 
It appears that the disturbed condition of the rocks in this locality, facilitated 
the process of enrichment in iron. 
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On Waterval (1816), the Timeball Hill guartzites gradually become thinner in 
outerop, until they form a band only a few feet thick at the point where 
it pinches out between banded ironstones, to the west of the poort cut by 
the Sterk River through the Northern Range. 'To the east of the Sterk River 
poort, no Timeball Hill duartzites are present. Furthermore, the available 
evidence indicates that the strata of the dolomite series east of the poort, ezhibit 
a succession of synclines and anticlines, in which no rupture could be 
ascertained. (See $S. 5, Plate 1) 'The banded ironstones clearly occupy the 
synclines while the dolomite saddle is anticlinally disposed. 

The field distribution, and geological relationship of the 'Timeball Hill Ridge 
With the confining rock formations, therefore, clearly indicate that the present 
disposition of the Timeball Hill guartzites is due to thrusting. See OC (S. 1—S. 4), 
Plate 1. Tn addition, since both the southern and northern contacts of the 
duartzite horizon are stratigraphically abnormal, it appears self-evident that 
these duartzites are confined between two thrust-planes. Tn an easterly 
direction, the thrust-planes seem to converge until they finally coalesce at 
the terminus of the Timeball Hill Ridge, west of the Sterk River poort. By reason 
of obscured contacts, it is difficult to obtain a clear idea of the nature and 
inclination of the thrust-planes. The precipitous south-slopes of the Timeball Hill 
Ridge, as displayed on Spitskop (756) and Mckip-Zyn-Rand (954), seem to 
suggest, that the planes are highly inclined towards the south. If one considers 
the fact that the resistant duartzites lie adjacent to less resistant dolomite, 
it seems safe to attach much eredence to this physiographic evidenre of high- 
angle thrusting. 3 

Of particular interest is the presence of what may be considered as a 
subsidiary thrust-feature of the Timeball Hill ruptures, immediately west of the 
Sterk River poort. At the point where the 'Timeball Hill thrusts coalesce on 
Waterval (1316), the attenuated Timeball Hill Ridge makes contact along its 
southern face, with a narrow strip of disturbed banded ironstones, which 
dies out over a short distance along the thrust-line. 'The strip of ironstones 
is then succeeded by a narrow outcrop of chiastolite slates which also attenuates 
in the direction of strike. 'The slates are succeeded southwards by another 
strip of banded ironstones which extends farther west, than the slate-band 
along the Timeball Hill thrust-line. The most southerly ironstone strip makes 
contact with dolomite which appears to represent the northerly limb of the 
overturned dolomite-anticline in the valley between the Northern and Southern 
Ranges on Waterval (1316). 'The ironstones composing these two strips, dip 
at a high angle due south, thereby implying that the ironstone strips constitute 
the limbs of a synclinal structure which is overtilted towards the north. The 
chiastolite slates are obviously present in the syncline, between the ironstone 
limbs. 

Since the ironstone strips are extremely harrow, it is clear that they. do 
not represent the true thickness of the entire ironstone formation. In addition, 
since chiastolite slates are present in the syncline, it is obvious that the entire 
synclinal structure of panded ironstones is composed of the uppermost horizon 
of that division. 'The available evidence, therefore, indicates that the upper 
horizon of the banded ironstone division makes contact with dolomite along 
its southern boundary and with 'Timeball Hill guartzites along the thrust-line 
It is, therefore, evident that the ironstone-slate assemblage forms a separate 
structural entity, by virtue of its disposition in relation to the neighbouring 


dolomite and the Timeball Hill trust. 
AR 
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By carefully considering the available evidence regarding the milieu of 
deformation, the way in which the ironstone-slate syncline attained its present 
attitude may be reconstructed as follows: It seems justifiable to assume that 
the present ironstone-slate syncline originally represented the succeeding 
syncline, of the major dolomite anticline which to-day occupies the valley 
between the Northern and Southern Ranges on Waterval (1316). 'The field 
distribution of the ironstone bands, now constituting the limbs of the syncline, 
clearly indicates that this structure is much attenuated in size in comparison 
with the major dolomite anticline in the south and the great ironstone barrier 
in the north. In addition, it seems highly probable that the disposition of 
the Timeball Hill thrust-plane, immediately to the north of the ironstone-slate 
syncline, would play a very important role in effecting subsidiary ruptures in 
the strata to the south, if sufficient pressure prevailed after cessation of 
movement along the thrust-plane. Since the movement along a thrust-plane 
is controlled by frictional resistance, it seems likely that the Timeball Hill thrust- 
plane, in addition to the attitude of the Northern Range barrier, acted as a 
competent buffer, which powerfully resisted the northerly movement of the 
Dolomite anticline and succeeding Tainor syncline. 'The evidence, therefore, 
strongly suggests that a part of the minor syncline lagged behind during 
the time when the major dolomite anticline was pushed against the powerful 
buffer. Tn other words, the anticline in the dolomite became more overfolded 
and compressed, while the strain in the succeeding syncline was relieved by 
Crushing. 'This denotes that the dolomite anticline was actually overthrusted 
beneath a portion of the minor syncline, while the latter was naturally thrusted 
backwards towards the crest of the major anticline. 'This explanation suggests 
that the thrust-plane of the synclinally thrusted segment should be disposed 
at a low angle to the horizontal. 


(2) The Sandrivierspoort 'Thrust 


Along the south-slope of the Southern Range, on the central portion of 
Sandrivierspoort (1317), the Timeball Hill dguartzites make contact with northward 
dipping banded ironstones. Further west, the Timeball Hill Ridge trends along, 
and in close proximity of the Southern Range (see geological map). 'There 
is not the slightest field evidence that Polo Ground duartzites are present in 
the narrow strip between the Timeball Hill Ridge and banded ironstone Range. 
In addition, the Timeball Hill duartzites are markedly crushed and brecciated. 
Dip and strike relations can by no means explain the present disposition of 
the auartzite ridge with respect to the Southern Range. 

A careful consideration of the available evidence, therefore, warrants the 
assumption that a minor thrust-fault exists between the Timeball Hill Ridge and 
the ironstone Range, by virtue of which the Timeball Hill formation was pushed 
against the banded ironstones. See D (S. 3—S. 7), Plate 1. 'This process also 
resulted in the complete elimination in outcrop of the Polo Ground sediments. 

Tt is of interest to note that the Southern Range presents a conspicuous 
strike-bend in the neighbourhood of the Sandrivierspoort thrust-line. (See 
geological map.) This strike-bend coincides markedly in a north-south line, 
with the unbroken succession of anticlines and synclines in the dolomite and 
banded ironstones. (See $S. 5, Plate 1) 'Tt is almost in line also, with the 
overthrusted banded ironstone mass at Gatkop. It would appear that these 
Coinciding features are not purely accidental. It seems likely that an intimate 
relation exists beiween the initiation of the Sandrivierspoort thrust and the 
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Ee disposition of the dolomite and banded ironstone divisions further 
north. 


(3) The Weltevreden 'Thrusts 


On the central portion of Weltevreden (766) a puzzling outerop of dolomite 
occurs, immediately to the north of the Timeball Hill Ridge. It is known that 
the southern boundary of the 'Timeball Hill duartzites marks the line of 
emergence of a thrust-plane, along which the Bushveld granite was upthrusted 
against the Pretoria Series. 

The dolomite forms an elongated outcrop, dipping at an angle of 559 
due north. A diabase intrusion is present between the dolomite outcrop and 
the 'Timeball Hill guartzites, and the intrusion can again be seen in outerop 
approximately 1.5 miles further west. Along its northern boundary, the dolomite 
in all probability, forms contact with the shale division which succeeds the 
banded ironstones. 

One has to bear in mind the presence of an interbedded dolomite lens 
on Spitskop (756), adjacent to the contact between the banded ironstones and 
chiastolite slates. Obviously there is no regional or stratigraphical relationship 
between this dolomite lens and the outcrop of dolomite on Weltevreden (7166). 
The position of the latter, therefore, has to be accounted for in a different 
way. 'The only alternative explanation appears to be that this dolomite segment 
was upthrusted from the deeply buried dolomite division of the dolomite series, 
with the result that the segment is now confined between two thrust-planes. 

The way in which this excessive vertical displacement was effected, is not 
clear. ITt is extremely difficult to understand how a relatively small block of 
deeply buried dolomite can be upthrusted through massive strata, without 
showing effects of intense brecciation and crushing. 'To some extent, however, 
the abnormal structural features on Weltevreden (766) may be compared with 
the Sandrivierspoort thrust. By referring to the map, it can be clearly seen 
that the displacement on Weltevreden (766) is similarly disposed with respect 
to the Southern Range, as on Sandrivierspoort (1817). 'The banded ironstone 
division must have functioned as a very rigid barrier during the period of 
structural deformation. It seems probable that these strike-bends in the 
Southern Range were instrumental in initiating and determining the zones in 
which subsidiary thrusts developed. 


The Belation of Folds and Thrusts 


In the foregoing discussion of the various thrusts existing in the Transvaal 
System sediments, the relation between folds and thrusts in some localities, 
was only briefly commented on. A knowledge of this relationship, both 
regionally and locally may appreciably assist in formulating a reconstruction 
of the mechanics of deformation in this area. 

The most important anticlinal and synclinal structures are displayed in 
the dolomite belts from near the western boundary of Waterval (1816) as far 
as Rookpoort (876). 'The field evidence indicates that from Spitskop (756) to 
the north-western portion of Meckip-Zyn-Rand, the Gatkop thrust-line trends 
along the northern limb of a synclinal structure in the dolomite and banded 
ironstones. See A (S. 1—S. 9), Plate 1. On the north-western portion of 
Waterval (1316), the thrust-line cuts obliguely across the synclinal structure 
and then trends along the northern limb of the maior dolomite anticline as 
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far as the south-eastern corner of Buffelshoek (1314). See A (S. 3—S. 5), Plate 1. 
At Gatkop the thrust-line emerges along the limbps of the compressed syncline 
in the banded ironstone mass. To the south-east of Gatkop, the thrust-line 
traverses the anticlinal and synclinal structures in the dolomite, almost 
rectangularly. On Rookpoort (876), however, the thrust-line trends along the 
northern limb of a synclinal structure as shown by the banded ironstone 
outlier and the disposition of the dolomite along the north-slope of the Southern 
Range terminus on Rietfontein (1198). The Gatkop thrust-line strikes obliguely 
across the Pretoria Series sediments on Groothoek (257) and Nooitgedacht (3801). 

No anticlinal structures are present in the dolomite belt leading along the 
north-slope of the Southern Range from Spitskop (156) to Mckip-Zyn-Rand 
(954). On the south-western portion of Waterval (1316), the 'Timeball Hill 
thrust-line trends obliguely across the nose of the major dolomite anticline and 
then strikes along the northern limb of this overturned structure towards the 
central portion of Waterval (1316). See C (S. 2—S. 4), Plate 1. Tt is interesting 
to note the remarkable similarity in position of the Gatkop and Timeball Hill 
thrusts, in relation to the dolomite anticlines, as developed in the strip between 
S. 3 and S. 4. 

The rupture lines of the Southern and minor thrusts on Sandrivierspoort 
(1317) and Weltevreden (766) invariably coincide with the strike of the thrusted 
formations in the central portion of the area. In the eztreme eastern sector 
of the region, the Southern thrust clearly cuts obliguely across the Pretoria 
Series sediments, as in the case of the Gatkop thrust. On Rooiwal (143) 
in the west, the available evidence indicates that the Southern thrust-line 
trends obliduely across the Daspoort sediments. 


THE MILIEU OF DEFORMATION 


1t is known for certain that the period of thrusting postdates the Waterberg 
depositional era. 'This is very clearly indicated by the fact that the Transvaal 
sediments are thrusted over the basal portions of the Waterberg System along 
the Gatkop thrust-line from Spitskop (756) to Donkerpoort (1315). It is also 
known that the rim of the Waterberg formation along the Hoekberg Range 
was seriously affected by the pressure which gave rise to the deformation of 
the Transvaal System sediments. 

It is, however, difficult to ascertain the relative ages of the major and 
minor thrusts, since they were all initiated during the same period and as 
a result of the same applied forces. By a careful consideration of the nature, 
disposition and the present-day field relationships between the folded and 
thrusted segments, as well as the attitude of the Transvaal System sediments 
at the time when deformation was initiated, it appears reasonable to infer 
that the Gatkop thrust commenced to form first and that the minor thrusts 
were initiated after cessation of movement along the Gatkop thrust-plane. 

Little doubt can be entertained that at the time when deformation was 
initiated, the Transvaal System sediments already had a southerly inclination. 
It must be remembered that the Transvaal System constitutes the northern 
rim of the Bushveld igneous basin, which was probably formed by overloading 
and conseduent sagging of the floor on which the Bushveld igneous assemblage 
NOW reposes. 

The period of Bushveld igneous activity was followed by an era of widespread 
denudation in conseduence of which the major portion of the Transvaal region 
was base-levelled to some extent. (On this erosion-surface the Waterberg 
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sediments were laid down. Subseduent to the deposition of the Waterberg 
beds, the physiographic history of the Transvaal was one of major erosion, 
except during Karroo times when lowering of parts of the surface gave rise 
to the deposition of Karroo sediments. It may, therefore, be safely assumed 
that the Waterberg formation enjoyed a much wider distribution in previous 
geological eras than to-day and presumably covered much of the Transvaal 
System sediments and the associated Bushveld rocks in the area under 
consideration. 'This is strongly suggested by the presence of an unbroken estent 
of Waterberg sediments to the north of the Gatkop area. Fig. 1 (j). 


WATERBERG FORMATION 


GRANITE 
AND 


SWAZILAND SYSTEM 


@ 


Fig. 1 (ii) Diagrammatic illustration of 

the disposition of the Waterberg System 

in the area under consideration prior 
to the period of thrusting. 


The nature of the floor on which the Transvaal System was deposited in this 
area is not known for certain. Judging by the presence of the older formations, 
such as the Swaziland and Older Granite, on the sedimentational floor of the 
Transvaal System in Pietersburg plateau surface as well as to the west of 
the Gatkop region, it seems probable that these older rocks also constituted 
much of the fioor on which the Transvaal System sediments were deposited 
in this area. It must, however, be remembered that Bushveld Granite is well 
represented between the Hoekberg Range and the region now occupied . by 
Transvaal System sediments in the eastern portion of this area. Tt has already 
been pointed out that scattered outcrops occur along the base of the Northern 
Range and that the Sand River valley on Sandspruit (1319) and Rookpoort 
(876) is partly underlain by a granite belt which ultimately merges into the 
broad granite flat on Renosterhoekspruit (662). 

1t, therefore, appears highly probable that at the time of Bushveld igneous 
activity, the entire belt of Transvaal System sediments in this area, was derooted 
by granite along a plane near the base of the System. In other words the 
Transvaal System sediments were subterraneously engulfed by granite and 
partitioned from their original contact with the older rocks. It is of interest 
to note that the oldest member of the Transvaal System, viz. the Black Reef 
Series, is entirely absent in this region. It is a moot auestion whether this 
series escaped from being engulfed and conseguently retained its original 
position on the depositional floor of the Transvaal System, or whether its 
absence is due to thrust-wedging. 


The Mechanics of Deformation 


If pressure is exerted on the formations which constitute the earth's erust 
in this region, it is to be expected that the less rigid formations will yield first 
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and conseguently give rise to folds. 'The development of folds will be a function 
of the loei of the applied pressure, the varying resistance of the formations on 
which pressure is exerted, and the depth at which deformation takes place. 
It is evident that the Waterberg formation and the igneous rocks of the 
Bushveld Complex will be much more resistant to deformation than some 
divisions of the Transvaal System. 'The mere fact that the Transvaal System 
is constituted of competent and incompetent divisions, signifies weak resistance 
to deformation and the potential attribute to yield to sufficient pressure. In 
addition, the contact-zone between the Transvaal System and the granite also 
appears to have acted as a zone of relative weakness. In fact, if one assumes 
that the applied pressure was directed in such a way that this zone acted 
as the loci of the pressure, one would expect that deformation will be initiated 
here. 

The field evidence clearly indicates that the Gatkop thrust exceeds all 
the other thrusts, in regional extent and in the amount of horizontal 
stratigraphic displacement. 'The thrusted tongue of banded ironstones at 
Gatkop clearly illustrates the fact that these rocks were virtually pushed 
northwards over a resistant barrier of Waterberg sandstones. In addition, the 
available evidence indicates that the inclination of the Gatkop thrust-plane is 
much lower than any of the other rupture-planes. 'This feature appears to 
have a very important bearing on the mechanics of deformation since it embodies 
the concept that the variation of resistance played an important role in 
determining the loci of the applied pressure. 

It is interesting to note that many overthrusts in various regions are 
characterised by extremely low angle fault-planes and very large displacements. 
It seems that in all cases the great displacement was made easier by the low 
angle of the fault-plane. It has been theoretically deduced and experimentally 
verified that the ideal fault-plane should be inclined at an angle of 45% to 
the horizontal, since the intensity of the shearing stress is greatest for planes 
orientated at an angle of 45% to the line of propagation of the force. 
Chamberlain and Miller (2), however, have submitted several reasons which 
are intended to explain this apparent deviation from the deduced conditions 
of faulting. 'They are of opinion that low-angle thrust-faults are due to 
the following: 


(a) The normal or direct stress which acts as a frictional resistance to 
shearing by the tangential stress. 'The frictional resistance, imposed by 
the normal component of the stress, may be lessened by a lowering 
of the angle of the thrust-plane. 


(b) Rotational strain viz. in Which the axes of strain are constantly 
rotated with respect to the axes of stress, which accomplishes the 
deformation. Rotational strain may be efected by a variation in the 
intensity of the actual tangential stress, a lessening in resistance in 
the surficial portion of the deformed mass, an increase in the resistance 
of the lower portion of the thrusted block, and by differences in 
competency of the thrusted rock units. 


(c) Minor factors such as the heterogeneity of material, length of deformed 
mass with respect to its shape, etc. 


As was indicated in the foregoing pages, the Transvaal System sediments 
exhibit many of the characteristics Which would tend to facilitate the lowering 
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of the angle of thrusting, as bpictured by Chamberlain and Miller. 'The 
Transvaal System is composed of dolomite, ironstone, shale and duartzite 
divisions which occur in alternating fashion. On the other hand, the Waterberg 
formation is markedly uniform. It is also clear that the structural disposition 
of the Waterberg System was duite different from that of the Transvaal System 
during the time when thrusting was initiated. Tt is, therefore, evident that 
the Waterberg formation acted as a very resistant buffer during the period of 
deformation. Al these considerations seem to have been instrumental in 
lowering the angle of the Gatkop thrust-plane. 

The dguestion now arises: In what manner was the mode of deformation 
instrumental in giving rise to minor thrusts, in which the inclination angles 
of the thrust-planes exceed that of the primary Gatkop thrust? In an attempt 
to elucidate the regional structural mechanics of the area, it is advisable to 
consider this area as a prism in the earthms crust. In depth, this block is 
delimited by the Gatkop thrust-plane of low dip, which emerges at the surface 
along the northern confines of the Dolomite Series. Fig. 1 (ii). 
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Fig. 1 (ij) Diagrammatic representation 
of the thrusted prism of 'Transvaal 
System sediments. 


AB — Surface length of prism. 
BC — Gatkop Thrust-plane. 
AC — COross-section of prism. 
a — Angle of inclination of Thrust- 


plane. 


If pressure is now uniformly exerted on the cross-section AC, the prism 
ACB will show the tendency to move along the thrust-plane CB. 'The extent 
of motion will depend on the magnitude of the applied pressure and the 
amount of friction on the moving surfaces. It is evident that the prism 
will be moved only if the pressure exceeds the frictional resistance. along 
the thrust-plane. 'The surface length of the prism will be a function of 
various factors, viz. it will be directly proportional to the crushing strength 
of rock and inversely proportional to the frictional resistance; the inclination 
of the surface along which motion takes place, and the weight per cubic 
foot of rock. Al these factors are combined in Lawson's formula: 


S 
AB - ———— Where 
(f-tan a) W” 

AB -— surface length of prism. 

& — crushing strength of rock. 

f — frictional coefficient. 

a — angle of inclination of thrust-plane. 
w — weight per cubic foot of rock. 
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Lawson (34) determineG experimentally that “when the pressure is sufficient to 
develop a fault-breccia, the frictional resistance is thereby increased” (p. 340). 
In the experiments, Lawson compared the frictional resistance “when polished 
granite is pulled horizontally over polished granite with a bed of fine dry sand 
between the two surfaces” (p. 340) and when the polished surfaces are in 
direct contact. He found that when sand is present between the two surfaces, 
the coefficient of friction is twice as great as when no intermediate material 
is present. Tt is also known that “up to the limit of abrasion the coefficient 
of #friction increases with increasing pressure” (p. 339). 

It is, therefore, conceivable that the cessation of movement on the primary 
Gatkop thrust-plane was caused by frictional resistance between the moving 
surfaces. During the initial stage of thrusting the power of friction was less 
than the pressure which caused the deformation, but with the extension of 
the thrust, the frictional resistance increased until it finally balanced the 
motive stress. 

The cessation of movement of the supposed prism along the initial thrust- 
plane, seems to have had far-reaching effects on the structural disposition of 
the rock units constituting the mobile block. It is evident that when the 
pressure necessary to overcome the increased frictional resistance on the initial 
rupture-plane, exceeds the strength of the material of the thrust-block, a 
new rupture will be inaugurated. Since the rocks at the surface of the thrusted 
block are of lower resistance than the rocks deeper down, it is likely that any 
new rupture will commence at or near the surface of the prism. 'The thrust 
will now be extended in depth, and at the same time be diverted towards the 
origin of stress. 'The frictional resistance will increase as the rupture extends 
in depth, until finally, it completely restrains the motion of the ruptured segment. 
The movement of the thrusted segment will be greatest near the surface of 
the prism and will uitimately become zero in the direction of the source of 
pressure. 

Lawson presented a very useful illustration of the development of subsidiary 
thrusts in a major thrusted block. Fig. 1 (iii). 
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Pig. 1 (iii) Diagrammatic representation 
of an overthrust-block. 


AB is given as the upper surface of the mobile prism and CD the primary 
rupture of low dip on which the prism ACDB tends to move as indicated. 
EF represents the new rupture which was inaugurated in conseguence of the 
stress which is less than the frictional resistance on CD but which exceeds 
the strength of the rocks at the surface AB. Conseguently EF will start at 
the surface and will extend in depth. Lawson (p. 343) states that “at first EF 
may be small, but if the stress be persistent the strain will, after the first 
relief, again accumulate to an excess of the strength of the rock and the 
rupture will be extended. Finally, by repetition of this process, the rupture 
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EF will reach a limit, determined by the angle a, at which #friction on this 
plane will also inhibit movement, and no further extension of the erack can 
take place. Further accumulation of strain can then only be relieved by 
another rupture, as at GH, and so on.” Lawson also maintains that according 
to engineering experience, the secondary ruptures will make high angles with 
the horizontal and that there cannot be great distance movement on these 
rupture-planes. It may, however, happen that if CD, ie. the initial primary 
rupture-plane, extends to shallow depth, EF may ultimately merge with CD, 
with the result that the mobile blocks may successively become ACFE, ACHG, 
ete. In other words, considerable vertical displacement may occur, especially 
when the secondary rupture-planes intersect the primary thrust-plane of low 
inclination. Lawson finally concludes by stating: “It appears, therefore, that 
in the case of real overthrust, where the lower is considered as the passive 
block and the upper as the mobile block, there can be no large relative 
displacement on any single block, owing to the fact that strain is relieved 
by a succession of limited ruptures and the development of an imbricated 
structure.” An important condition for assuming that the primary rupture- 
plane was also inaugurated by thrusting, is that the length of the ruptured 
prism should not exceed the theoretical limit for AB, as calculated by means 
of the formula 
2S 


AB — —— 
(f4-tan a) W. 
According to this formula, “90 to 30 miles is the limiting length of the overriding 
block” (p. 349). For greater distances, the surface block will be incapable of 
propagating the stress against the frictional resistance. 'The inhibition of 
movement by frictional restraint will result in the breaking up of the prism. 
In the foregoing pages, the theoretical effects, when the upper block is 
moved on a rupture plane of low dip in the earth's crust, were discussed. 
By way of comparison it will be of interest to present Lawsonm's conception of 
events when the lower block forms the mobile element and the upper the 
passive. Fig. 1 (iv). 
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Pig. 1 (iv) Diagrammatic representation 
of an underthrust-block. 


Lawson states: “When the force be applied to all parts of the mobile block 
below CD, then the frictional resistance on CD may be incompetent to restrain 
the movement of the lower block, and the relative displacement may be indefinite 
in amount, without imbrication or other breaking up of the lower block” 
(p. 345). On the other hand, if the stress is transmitted to the upper block, 
by virtue of friction on CD, a strain may be generated in the upper block. 
This strain may exceed the strength of the rocks constituting the upper block, 
and conseguently, secondary breaks may be developed. Since the strain is 
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specifically applied to the lower part of the upper block, the strength of the 
rocks in the neighbourhood of the initial rupture-plane of low dip, may be 
surpassed. At the surface of the upper block the strain may still be less than 
the strength of the rocks. '“Thus the ruptures that relieve the strain may 
start at CD and be propagated upward” (p. 345). 'The rupture-planes will be 
concave downward or toward the origin of the stress. 'The geometric relation 
of these curved rupture-planes to CD is such that any movement on them, 
affording temporary relief of compressive strain, would develop another strain, 
which could only be relieved by normal faulting” (D. 346). An imbricated 
structure may, therefore, develop, as in the case of the mobile upper block. 
It must, however, be noticed that in the case of the mobile lower block, “the 
imbricating ruptures would be distinguished from those developed in a mobile 
upper block by the reversal of the curvature,” in other words, whereas the 
inclination of the rupture-planes in the mobile upper block decreases from 
the surface downwards, the inclination of the rupture-planes in the mobile 
lower block increases downwards towards the initial rupture of low dip. 

By referring now to the area under consideration the following generalisations 
may be made in the light of the Lawson principle of deformation. In the first 
instance the areal distribution of the prism comprised of Transvaal System 
sediments and in which deformation is manifested in the presence of thrusts 
and folds, clearly shows, that the length of this prism in the direction of 
thrusting, falls far short of 20 miles. In addition, the secondary thrust-planes 
show a high inclination at the points of emergence on the present surface, in 
contrast with the much lower inclination of the primary Gatkop thrust-plane. 
These features are, therefore, indicative of overthrusting, the primary Gatkop 
thrust-plane being the lower limit of the thrusted prism, while the other 
secondary thrusts are the manifestation of the breaking up of the mobile prism. 
1t seems extremely unlikely that the block comprising the Waterberg sediments 
acted as a mobile prism. 'The secondary thrusts signify that the strain in 
the mobile block was consecutively relieved by a succession of limited ruptures 
and hence the development of an imbricated structure. 'The way in which 
these ruptures were formed, therefore, also indicates the relative ages of these 
minor thrusts with respect to each other and with respect to the primary thrust. 

The breaking up of the prism then, was effected by the prolonged activity 
of pressure, after the cessation of movement on the primary thrust-plane. 'This 
does not signify that the initiation of the secondary ruptures was the only 
means of relieving the compressive strain in the prism. It was pointed out in 
the previous pages that the dolomite series was thrown into a succession of 
major and minor anticlines in the central and western portions of this area 
and that the upper divisions of the Pretoria Series are Toughly anticlinorially 
disposed in the eastern portion of the area. Tt is highly probable that these 
folds were formed during the period while the mobile prism was breaking up. 

Frictional resistance seems to have played a very important Tole during 
the period of thrusting. Since friction restrains and oiten neutralises the 
movement on a thrust-plane, it is easy to realise the effect of the diverted 
deformative stress on these parts which still remained immobile. 

The structural position of the detached synclinal structure of banded 
ironstones and chiastolite slates immediately to the west of the poort cut by 
the Sterk River through the Northern Range on Waterval (1316), becomes clear 
by Considering the frictional control during thrusting. It was pointed out that 
this synclinal structure in all probability belonged to the syncline which 
originally succeeded the major dolomite overfold in the valley between the 
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Northern and Southern Ranges. When the succession of folded banded 
ironstones, chiastolite slates and dolomite was upthrusted against the Northern 
Range barrier and thrusted Timeball Hill sediments, a stage was reached when 
the frictional resistance surpassed the strength of the upper part of the thrusted 
banded ironstone-chiastolite slate syncline. Consedguently, a subsidiary break 
occurred in that part of the syncline. In other words, the dolomite anticline, 
by becoming more compressed, to some extent underrode the more advanced, 
pushed-up syncline of banded ironstones and chiastolite slates, until finally the 
entire motion was restrained by excessive frictional resistance. 

The thrusted outcrop of Timeball Hill guartzites in the valley between the 
Northern and Southern Ranges on the farms Spitskop (756), Mckip-Zyn-Rand 
(954) and Waterval (1316) may be regarded as a remnant of an overfolded 
structure which was completely disrupted and obliterated by thrusting. The 
available field evidence indicates that the guartzites are confined between the 
planes of a double-rupture. 'There are reasons to believe that the rupture 
along the southern boundary line of the duartzites, commenced to form at 
or near the cerest of the original anticlinal structure in the Transvaal System, 
and that the rupture along the northern confine commenced to form in the 
Corresponding trough. Horizontal  displacement was also accompanied by 
considerable vertical displacement. As a result of the deformation, the Timeball 
Hill aguartzites were completely puckered and crushed, giving rise to the typical 
duartzite breccia. It is also noteworthy that in the case of this overfold, the 
duartzites were almost completely enveloped by the incompetent shale division, 
Which underlies the Timeball Hill sediments. It seems likely that the rupture- 
planes particularly favoured the shale horizon and that the infolded duartzites 
functioned as a resistant intermediate medium. Fig. 2 (i) and (ii). 
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Fig. 2. Diagrammatic illustration of the development of the Timeball Hill-thrusts. 
(i) The over-fold prior to thrusting. 


(ID 


(ii) After thrusting was completed. The broken line represents the 
present land-surface. 
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It has already been poiatsd out that the Timeball Hill guartzites attenuate 
in an easterly direction and pinch out completely on Waterval (1316) to the 
west of the Sterk River poort. Since no thrusts, but only folds are present 
to the east of the Sterk River poort, it seems reasonable to assume that the 
attenuation and final termination of the 'Timeball Hill infolded segment can 
be ascribed to the probability that the original overfold gradually died out 
towards the east. Consedguently the 'Timeball Hill duartzites were prevented 
from being infolded in an easterly direction. 

It seems highly probable that frictional resistance also played a very 
important role in determining and controlling the development of the 
Weltevreden thrusts (766). It must be borne in mind that a segment of dolomite 
is contained between the two Weltevreden rupture-planes. 'The presence of 
dolomite high up in the 'Transvaal System denotes considerable vertical 
displacement, which is not exactly incompatible with the idea of the breaking 
up of the primary prism, as advocated by Lawson. it seems likely that the 
Weltevreden double-thrust was inaugurated by virtue of the resistant attitude 
of the banded ironstone Range immediately to the north. 'The exceptional 
vertical displacement seems also to be due to this structural feature in the 
Southern Range. 'The limited lateral extent of the double-thrust seems to 
be a direct result of the role played by frictional resistance along the planes 
of motion. Variation in resistance, within the zone of thrusting, must also 
have exercised considerable effect in the course of the development of the 
rupture-planes. Willis maintains that “variation in resistance is a much more 
important cause of faulting than variation in intensity of internal stress” 
(56, p. 412). He also asserts that in the case of thrusted sedimentary rocks, 
“bedding-plane slippage and folding aiford opportunity for extreme dimensional 
changes in the surface along the fault; hence, they permit large variations 
in displacement in short distances and the development of large displacements 
on faults of comparatively limited extent” (56, p. 411). 

Summary: The structures displayed by the belt of 'Transvaal System 
sediments in the area under consideration may be summarised as follows: 


(a) The existence of a major and primary thrust-plane of low dip which 
emerges on the surface along the northern boundary of the Transvaal 
System rocks in this area, is demonstrated. 


(b) The presence of minor or secondary strike thrusts within the belt of 
Transvaal System sediments, the most important one of which delimits 
the System in the south, is indicated. 


(c) Anticlines and synclines, some of which are overfolded towards the 
north, are present in the Dolomite Series. 


(d) The Transvaal System sediments in this area occupy an intermediate 
position between the Waterberg formation in the north and the 
Bushveld Igneous Assemblage in the south. By reason of the varied 
lithological constitution of the Transvaal System and by virtue of its 
intermediate position between two resistant rock assemblages, this 
system was most affected during the period of deformation. 


(e) A primary thrust developed approximately along the basal region of 
the Transvaal System. Continued stress resulted in the breaking up 
of this thrusted prism and secondary tprusts conseguently developed 
as a means of relieving the pressure. 
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($ The space occupied by the Transvaal System sediments in the earth's 
crust along this belt, constituted a relatively weak prism which turned 
out to function as a locus of movement, necessary to relieve the strain. 


(8) It is clear that these earth movements postdate the period during 
which the Waterberg System was deposited. Since no younger formations 
than the Waterberg System are present in the area under consideration, 
it is impossible to determine the exact geological age of the disturbances. 


At Warmbaths, where similar earth-movements could be inferred with 
reasonable assurance, it was found that Middle Karroo Strata (Coal 
Measure Series) were unaffected. 'The Gatkop orogenic disturbances 
may, therefore, be tentatively regarded as of Post-Waterberg and 
Pre-Middle Karroo age. 
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THE MORPHOLOGY OF BANDED IRONSTONES 


In the discussion of the regional distribution of the banded ironstones and 
the dolomite, it was pointed out that there exists a very intimate relation 
between these two rock units. 'The available field evidence clearly indicates 
that the contact between these two rock divisions is strictly conformable and 
that they belong to a single sedimentational sedguence. 

A knowledge of the depositional milieu of the dolomite would, therefore, 
be extremely valuable in an attempt to elucidate the problem concerning the 
mode of deposition of the banded ironstones. Unfortunately, the problem of 
the sedimentation of dolomite is not yet satisfactorily cleared up. Nevertheless, 
an epitomic review of the most probable hypotheses regarding the origin of 
dolomite would throw much light on the milieu of sedimentation of the banded 
ironstones. 

Several theories relating to the mode of origin of dolomite have been 
advanced in the past, viz. the primary-deposition theory, the replacement-theory 
and the leaching-theory. In the light of the geological relationships and 
associations of bedded dolomite deposits formed in the past, the experimental 
evidence relating to the artificial production of dolomite under controlled 
physical and chemical environments and the presence of dolomite in 
unconsolidated sediments on the present ocean floor, the writer is inclined to 
favour the chemical-deposition-theory in the case of the dolomite of the region 
under discussion. 'The chemical deposition theory finds strong support from 
observers such as Dale (5), Trechmann (51) and Green (19), to name only 
a few. Mitchell (40) succeeded in preparing crystals which seemed to be 
dolomite by using 500 cc. of “artificial seawater” which lacked calcium carbonate 
and magnesium chloride. 'This guantity was slowly stirred into a beaker, into 
which 100 cc. each of a solution of N/25 M$Cl, and saturated CaCO, were 
simultaneously added drop by drop. No precipitation Tesulted. By alkalising 
the solution on adding N/20 Na,CO,, a precipitate resulted which in all 
probability was dolomite. Since the conditions under which Mitchell prepared 
these crystals corresponds well with those existing in nature, it seems possible 
that dolomite may be precipitated from natural sea-water. 

It is of interest to note that dolomite is more commonly associated with 
salt and gypsum deposits than calcite-limestones. 'This tends to indicate that 
the deposition of dolomite is facilitated by waters of high saline content. In 
addition, according to the data supplied by Van 'Tuyl (58), the deposition of 


315 


dolomite is inclined to occur in shallow water, while the eguivalent carbonate 
sediments in deeper water, are commonly deposited as calcite-limestone. 'This 
view is also supported by 'Tarr (47), who maintains that the deposition of 
dolomite takes place under shallow water conditions as in the case of shallow 
Continental seas or lakes. He also asserts that such conditions are essential 
and favourable for the sufficient concentration of magnesium salts. Tt is 
noteworthy that “mud-cracked” 'dolomites are present in the Richmond on the 
east shore of Lake Winnebago (Wisconsin), as well as in the lower strata of 
the Oneota dolomite. 'This feature may be employed as providing evidence of 
the extreme shallowness of the water in which deposition took place. It is 
also of interest to note that the insubordinate amount of ferrous iron in many 
dolomites strongly suggests that these dolomites were deposited under reducing 
conditions. 

The association of dolomite with chert does not appear to be accidental. 
In fact, chert is probably associated with calcareous strata of every geological 
period. It would, therefore, be interesting to consider this association more 
closely. In doing so, the source of the silica, the processes responsible for its 
concentration and precipitation, and the depositional milieu, should be clearly 
kept in mind. Davis (7) ascribed the source of the silica in the case of the 
radiolarian cherts of the Franciscan group, California, to the lavas which occur 
in association with the cherts; the lavas are supposed to have given rise to 
silicates which altered to chert. Other observers have postulated that the chert 
is derived from underlying magmas. Chert is also believed by some to have 
originated from siliceous springs hear the sites of sedimentation. Organic 
activity has also been postulated as being a potent process in the concentration 
of silica in marine sediments. 'The most likely postulate appears to be that 
the silica originated from low lands during periods of intense chemical 
weathering, in other words, a source similar to that of limestone and dolomite. 

Clarke's calculations (3) of the amounts of dissolved substances in rivers, 
indicate that next to calcium, silica is the most abundant dissolved substance, 
annually added to the sea. Since sea-water is practically silica-free, the 
transported silica must have been deposited in some form. It is interesting 
to consider 'Tarrs statement (48) that greater amounts of silica would be 
transported to the sea, during periods when chemical weathering and 
transportation occur at a mazimum speed, in other words, during the late 
stages of the cycles of peneplanation. In such cases where the seas are bordered 
by low-lying lands, the seaward transportation of clastic sediments will take 
place on a minor scale and such conditions will conseguently favour the formation 
of carbonate rocks, as well as the associated chert. The common assoclation 
of carbonate rocks and chert is thereby accounted for. Tarr's paleo-geographical 
studies of the Paleozoic and Mesozoic areas, also indicate the low-lying lands 
were instrumental in giving rise to the deposition of chert and carbonate- 
oe Es view held by chemists is, that silica is most probably ed 
as a colloid, the individual particles being sheathed by water molecu é 
which they become stabilised. The dissolved silica transported sd ds Ed 
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on the colloidal particles. Coagulation follows when the particles are completely 
discharged. 

Several] investigators tried to unravel the problem concerning the precipitation 
of silica colloids but the results turned out to be rather diverse. 'Tarr 
illustrated experimentally that gelatinous silica is precipitated when adding 
sodium silicate to an artificial solution of NaCl, MgSO, and K,SO, in the 
proportion in which they occur in sea-water. Lovering (38) used natural 
sea-water in his experiments. He found that silica is not precipitated from 
a solution containing as little silica as that used by Tarr, since the silica colloids 
are presumably much more stabilised by the organic matter in natural sea- 
water. He, however, obtained precipitation by using much more concentrated 
solutions of sodium silicate and hence he concluded that sea-water can 
precipitate silica from a sodium silicate solution, provided the concentration 
is high enoush. He also stated that precipitation is never complete and that 
precipitation may not take place in a Trelatively concentrated solution of 
sodium silicate if the solution is slightly alkaline. 

Moore and Maynard (41) used three types of silica-containing solutions 
in their experiments, (i) sodium silicate, (ii) dialysed sodium silicate, (iii) sodium 
silicate mixed with HC] and then dialysed. 'These workers found that 
precipitation is a complex process, giving rise to variable results. 'They arrived 
at the conclusion that calcium-bicarbonate and sea-salts are two of the most 
efficient precipitants of colloidal silica from sodium silicate solutions. NaCl 
and K,SO, were found to be less efficient as precipitants. 'The silica hydrosols 
obtained by dialyzing a solution of sodium silicate and HCI, were slightly 
precipitated by calcium-bicarbonate and sea-salts. 'The latter precipitants 
were found to dissolve and stabilise the silica hydrosols instead of precipitating 
them. 'This finding shows agreement with that of Lovering (38), viz. that 
magnesium and calcdium bicarbonates are only solvents of silica. It seems 
clear that precipitation 'depends very much on the nature of the solution 
containing the silica. For instance, NaCl is ineffective as a precipitant of silica 
from a dialyzed mixture of sodium silicate and HCI1, and undialyzed sodium 
silicate solution, while it is extremely effective in dialyzed sodium silicate solutions 
having the same concentration in silica. Calcium bicarbonate is ineffective in 
dialyzed silica-bearing solutions but very efficient in the case of undialyzed 
hydrosols. Sea-salt appears to be the most efficient precipitant in all cases. 

It is extremely difficult to present an adeguate explanation of the process 
of precipitation by the action of electrolytes. According to Taylor (49) colloidal 
silica is positively charged in acid solutions and negatively in alkaline or verv 
feebly acid solutions. 'This charge is due to the peptising effect of absorbed 
ions. Hardy (25) is of opinion that hydrosols are precipitated by electrolytes, 
provided the ions are of opposite electric charge. Freundlich (16) pointed out 
that there are two groups of sols— hydrophobic and hydrophilie sols. In the 
case of hydrophilic sols, “inhibition” of the water molecules takes place. In 
conseduence of this kind of hydration, the electric properties of the sols are 
considerably altered, by virtue of which they are often very stable towards 
electrolytes. The hydrophobic sols become little hydrated and are far better 
coagulated by electrolytes. 

It is, therefore, evident that although the hydrophilic silica sols are peptised 
by absorbed ions, it is very difficult to neutralise these ions, by reason of the 
modifying effect which is exercised by the “imbibed” water. ln conclusion it 
may be said that colloidal silica may be stabilised in a great variety of ways, 
and may or may not be precipitated by electrolytes. If precipitation does occur, 
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the rate of coagulation will depend “upon the kind of ion absorbed, the tenacity 
With which the absorbed ion is held, the duantity and manner in which the 
precipitating agent is added, and a great many other factors unknown at 
present” (41, p. 511). 

In the experiments relating to the precipitation of colloidal silica, the time 
factor plays an important role. It is also known that the precipitation is never 
complete. 'Tarr (48) has indicated that the precipitation of silica from sea-water 
was, and still is far more complete than the laboratory experiments ShOW. 
The poverty in silica of the present sea-water, and the presence of silica-poor 
carbonate rocks which enclose chert, clearly illustrate this feature. Tt is 
apparent that the silica was rapidly and almost completely precipitated in these 
chert-carbonate rocks. 'The precipitation of silica appears to have occurred 
from time to time during periods of carbonate rock formations and that inorganic 
deposition was the main process in action. 'The paleo-geographical maps of Tarr 
clearly indicate that the greatest deposition of chert and carbonate rocks 
during the past, took place in shallow broad epicontinental seas. Undoubtedly 
the silica and carbonates were both derived from low-lying lands and were 
transported in the same way toward the extensive epicontinental sea floors. 


THE MODE OF DEPOSITION OF 'THE BANDED IRONSTONES 


1t has been emphasised in the foregoing pages that the carbonates and 
chert constitute a common association in nature, and that this comradeship 
is the result of primary chemical deposition in alternating fashion, in a 
relatively shallow epicontinental sea of wide dimensions. In the case of the 
banded ironstones, a somewhat similar feature presents itself in the fact that 
the silica was also alternately deposited but was associated with iron instead 
of the carbonates. 

Iron may be transported by water in the dissolved state, in the colloidal 
state, in suspension and by traction. It appears that the iron carried in 
suspension and by traction is small in amount, consisting mainly of oxides and 
hydrosides which resulted by reason of decomposition. Mechanical weathering 
of the rocks containing iron minerals is also capable of providing clastic iron 
sediments. lron suspensoids constitute a small proportion of the entire 
iron-load carried by rivers. 

In solution iron may be carried mainly in the form of ferrous bicarbonates, 
some as ferrous sulphate and ferrous chloride and some in the form of organic 
compounds probably as ferro-humates and ferri-humates and as acetates, 

j xalates and tartrates. ri 
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the organic matter for their life processes and the inorganic silica or iron for 
the building of their cells or sheaths” (p. 459). 


Moore and Maynard (41), who conducted an elaborate series of experiments 
on iron and silica, suggest that most of the iron in natural waters containing 
organic matter, is in the form of “ferric oxide hydrosol stabilised by the organic 
colloids in the water and that smaller duantities are carried as salts of organic 
or inorganic acids” (41, p. 299). 


It is known that hydrosols of ferric oxide are duite stable, but they can 
be easily precipitated by electrolytes such as those present in sea-water. 'The 
difference between the precipitation of Tferric oxide and silica sols, taken 
separately, lies in the time factor. 'The ferric oxide is precipitated almost 
immediately but a considerable length of time is necessary before silica enjoys 
coagulation by electrolytes present in sea-water. A very interesting finding 
relating to the infiuence of ferric-oside hydrosols on silica hydrosols is the fact 
that these sols are capable of -precipitating each other. It was found that 
“on adding a given duantity of ferric oxide to a silica hydrosol practically al 
of the iron was precipitated almost immediately. It was found, also, that a 
small amount of the silica had been deposited along with the iron.” 'This 
feature indicates that if iron and silica sols are to be transported together 
in nature, some protective substance should be present in order that the mutual 
coagulation of the sols would be prevented. The mutual precipitation of silica 
and iron colloids was believed by many investigators as being the result of 
an electrical discharge of the sols, by virtue of which the positively charged 
sols of the one, neutralised the negatively charged particles of the other. 
Subseduently, however, it was found by Freundlich and Nathansohn (17) that 
a hydrosol may be precipitated by a similarly charged hydrosol, for instance 
negatively charged arsenious sulphide hydrosol and negatively charged sulphur 
hydrosol. Lottermoser (37) advanced the chemical precipitation theory in which 
he suggested a chemical mechanism for the mutual precipitation of colloids. 
Thomas and Johnson (50) studied this phenomenon duantitatively and arrived 
at the conclusion that the hydrosols of iron and silica enjoy mutual precipitation 
in conseguence of chemical reaction between the hydrosols, whereby the 
peptising agents are removed. According to their experiments, they established 
that complete coagulation takes place on adding 5.8 cc. ferric oxide containing 
hydrosol containing 3050 parts per 10% to 1 : 10 ce. of silica hydrosol containing 
13843.6 parts per 10%. On mixing ferric oxide hydrosol (305 parts per 10%) with 
silica sols (268 parts per 10%), they also found that complete coagulation occurs 
only when the total reaction mixture contains 172 parts per 10% ferric oxide 
and 117 parts per 10% silica. In the case of mixtures having various concen- 
trations of the two sols, the coagulation was found to be always slow and 
incomplete, uniess the total reaction mixtures are of definite concentrations. 


These experimental results agree remarkably well with those obtained by 
Moore and Maynard. 


Ferric oxide and silica hydrosols are, therefore, capable of precipitating 
each other if some or other protective substance is not present to prevent 
coagulation. Moore and Maynard in their experiments endeavoured to find 
a stabiliser which would prevent the mutual precipitation of silica and ferric 
Oxide hydrosols. Various concentrations of inorganic salts had no stabilising 
effect, since ferric oside colloids are easily coagulated by electrolytes. A small 
guantity of peat solution proved to stabilise the solution for many months, 
and may thus permit the mutual transportation of these sols. Moore and 
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Maynard also conducted a series of experiments, using solutions which were. 
as nearly natural in composition as possible. In view of their findings, they 
arrived at the conclusion that natural streams “in which the content of organic 
matter is at least 4.5 parts per 10%, will have no diffieulty in transporting 
30 parts per million colloidal silica and 10 parts per million ferric oxide” 
(41, D. 515). It is noteworthy that according to Clarke (3), the average content 
of organic matter in the rivers of the world is about 12 parts per 10% 'The 
above concentration of sols in the ratio of 3:1 silica-iron was chosen to 


simulate the silica-iron ratio in the cherts of the Biwabik formation of the 
Mesabi Range. 


Moore and Maynard also investigated the effect of electrolytes on a mixture 
of silica and ferric oxide hydrosols, which were stabilised by a small amount 
of organic matter. To a mixture of 100 cc. containing 10 parts per 105 ferric 
oxide, 30 parts per 10% silica and 9 parts per 10% organic matter, sea-salt was 
added in the proportion of 34,400 parts per 10%. “By the next morning practically 
all the iron had been coagulated, whereas the greater part of the silica still 
remained stable” (41, p. 516). T% is, therefore, evident that in a stabilised 
colloidal1 solution of ferric oxide and silica sols, the ferric oxide sols are much 
more sensitive to electrolytes, as present in sea-water, than silica. In addition, 
Moore and Maynard advanced the idea that “this differential precipitation of 
iron and silica suggests a possible explanation for the origin of banded 
iron-and-silica formations” (p. 517). 


The literature provides no adeduate explanation of the characteristic 
banded. nature of the iron and silica formations. Van Hise and Leith (52) 
ascribed the banded nature to the degree of flocculency which the precipitate 
of ferrous carbonate displays while settling to the bottom. Collins (4) regards 
the banded nature of ironstones as a result of precipitation from ascending 
heated mineralised waters which spread out in depressions. 'The silica and 
iron were supposed to have been precipitated in conseduence of evaporation 
and cooling, new bands being formed by new supplies of silica and iron. 'The 
artificial production of iron and silica bands according to the Liesegang method, 
also fails to explain the banded nature of an ironstone formation of great 
thickness. 


Moore and Maynard (41) determined experimentally that ferric hydroxide 
and gelatinous silica settle differentially to the bottom of a container. It was 
also found that the presence of electrolytes promotes the degree of differential 
settling. Ferric hydroside and a considerable amount of silica settled first 
in a container in which these #freshly precipitated colloids were agitated and 
then allowed to settle. After a few days, the brownish layer of ferric hydroxzide 
and silica was found to grade upwards into an almost pure layer of gelatinous 
silica. In another experiment, in which conditions greatly simulated those in 
nature, it was found that “in a very short time, the greater portion of the 
iron was coagulated on the bottom of the vessel. There was no evidence of 
a precipitate of colloidal silica. However, on examination four months later, 
it was found that an appreciable layer of gelatinous silica had been deposited 
on top of the ferric hydrozide. 'The contact between the ferric hydroxide and 
the silica was duite definite. 'The upper surface of the gelatinous silica was 
very irregular and consisted of spherical and elliptical globules of silica hydrosol 
(41, p. 518). By the introduction of a fresh supply of colloidal iron and silica, 
the precipitation, iron first, was repeated. Moore and Maynard (41) conseguently 
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concluded that this process of diferential coagulation may also happen in 
nature if a periodic supply of iron and silica is available. 

The experiments of Moore and Maynard provide positive information with 
regard to what may happen in nature to iron and silica under certain conditions 
of transportation and deposition. As a result of their work, it is now known 
that iron and silica hydrosols can be stabilised by a small amount of organic 
matter, so that they can be mutually transported to the site of deposition. 
The electrolytes, such as are present in sea-water, are capable of coagulating 
the iron and silica sols. Moore and Maynard lay special stress on the feature 
of diferential precipitation, as having caused the banded nature of the 
ironstones formed in the past. 'TOo a certain extent they disregard the 
significance of differential settling of the iron and silica particles presumably 
on account of the evidence that in a mixture of iron and silica sols, iron 
is always precipitated first, so that the feature of diferential settling could 
not have exercised very much influence on the instigation of bands of iron 
and silica. Since it is known that an appreciable amount of silica is precipitated 
With the iron, it is evident that the principle of diferential settling would 
also assist in the production of distinct bands of iron and silica, and since 
silica settles much slower than iron, one would expect that iron particles reach 
the bottom together with a considerable proportion of the silica which was 
precipitated during the preceding period of coagulation. 

It must be remembered that the individual iron-rich and silica-rich bands 
constituting the banded ironstones of the Northern and Southern Ranges in 
the area under consideration, vary considerably in thickness and in composition. 
Some of the contacts between the iron-rich and silica-rich bands are poorly 
defined, showing gradational transitions in many cases. If diferential 
precipitation took place under ideal conditions, one is liable to expect that the 
individual bands would be much more sharply demarcated and of a much more 
constant chemical composition than the actual bands exhibit to-day. 'The 
variable amounts of silica present in the iron bands clearly indicate that 
not inconsiderable amounts of silica was concomitantly deposited along with 
the iron. The gradational relation which many iron-rich bands exhibit with 
respect to the silica-rich bands also affords evidence as regards the probability 
of an overlap of deposition. Jn other words, the lithological constitution of 
the banded. ironstones suggests that the periods of successive deposition of. 
silica and iron were not so well defined as the principle of diferential 
precipitation would imply. 

Tt is, therefore, highly probable that the principle of differential settling 
played an important role during the deposition of the silica and iron particles. 
This principle explains the variability in chemical composition of the bands 
and the transitional relation exhibited by many successive bands. Other factors, 
which also seem to have exercised some influence on the degree of banding, 
appear to be as foilows: 


(a) The time limit between the successive periodic precipitation of silica 
and iron. 

(b) The degree of perfection of precipitation. 

(c) The possibility of agitation of the sea-water during precipitation. 


(d) The nature of flow of the rivers during the process of supplying fresh 
duantities of iron and silica. 
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The theory relating to the origin of the banded ironstones and particularly 
the mode of transportation of colloidal iron and silica, invokes the presence 
of organic matter, by virtue of which the mutual reaction between the iron 
and silica hydrosols was prevented. 'The guestion consedguently arises as to 
the probability of the existence of sufficient organic matter during the period 
When the iron and silica colloids were transported to the environment of 
deposition. 'The period during which the Transvaal System was deposited, 


dates back to the Pre-Cambrian and we have no fossil record of vegetable life 
during that period. 


That vegetable life actually existed during the deposition period of the 
Transvaal System, may be gathered from the following: In the Pretoria, 
Rustenburg and Marico 'districts of the Central and Western Transvaal and 
in the Carolina, Belfast and Lydenburg districts in the Eastern 'Transvaal, 
there is at least one, and probably more definite carbonaceous horizons in 
the Magaliesberg shales of the Transvaal System. It has already been pointed 
out that carbonaceous seams are also present in the Daspoort shales of 
the region under consideration. 'The presence of minute specks of pyrite in 
the banded ironstones is also indicative of the existence of organic matter 
during the period of 'Transvaal System sedimentation. 


By reason of the lithological constitution of the banded ironstones of the 
Transvaal System, and their stratigraphical relationships, it can be safely 
assumed that the ordinary process of weathering, transportation by rivers and 
deposition in sea-water aggregated the iron and silica in these taconitic rocks. 
It is difficult to believe that the silica as well as the iron was supplied by 
magmatic springs and submarine lava flows. 'The nature of the lithological 
Constitution of the ironstones also precludes the probability of clastic 
deposition by the sedimentational agencies then at work. Chemical weathering 
appears to have been the dominating process on that ancient land surface. 
Conseguently large duantities of colloidal silica and iron were discharged in 
those ancient rivers which sluggishly flowed to the ocean. Very little is known 
concerning the palaegeomorphology of the land surface from which the iron, 
silica and probably also the dolomite and chert underlying the banded iron- 
stones, were derived. It can, however, be stated that this old land surface 
was underlain by the older systems, viz. Ventersdorp System, Witwatersrand 
System, the Old Granite and the Swaziland System. It is indeed extremely 
difficult to obtain an idea of the disposition and areal distribution of the older 
systems during the period of 'Transvaal-Nama System sedimentation on 
account of the immeasurable extent of erosion prior and posterior to this 
period. It is known that the Ventersdorp System, which antedates the 
deposition of the dolomite and banded ironstones of the Transvaal System, 
exhibits a transgressive relation with respect to the Witwatersrand System 
and it is highly probable that the Ventersdorp System enjoyed a much wider 
distribution during the time when the deposition of the Transvaal System 
commenced. lt, however, seems unlikely that the old iand surface from which 
the iron, silica, dolomite and chert were derived, was underlain by rocks of 
the Ventersdorp System. Tn comparison with the Transvaal System which 
exhibits a very extensive distribution in South Africa, the Ventersdorp System 
appears to have been limited in areal distribution and in all probability only 
underlaid the site of deposition of the Transvaal System sediments in the 
Southern Transvaal and the northern portions of the Cape Province, bordering 
Bechuanaland. It seems highly probable that the pre-Transvaal-Nama land 
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surface was underlain by rocks of the Swaziland System and Old Granite, 
both of which constituted the source of the iron, silica, magnesium and calcium, 
necessary to build up the banded ironstones and dolomite divisions of the 
Transvaal System. 'The main difficulty regarding this probability lies in 
the mode of selective transportation of the elements to the site of deposition. 
The magnesium, calcium and a small proportion of the silica were removed 
first and deposited as dolomite and chert. 'This was succeeded by the 
transportation and deposition of iron and silica. 'The attitude of the aluminium 
component of the source material during the deposition of the dolomite and 
ironstones is not known for certain. It is possible that the aluminium lagged 
behind during the period of chemical deposition of the dolomite and banded 
ironstones and was subsedguently deposited as a clastic sediment in the form 
of shales. 'These shales follow directly on the banded ironstone division and 
they denote duite different conditions of sedimentation than in the case of 
the preceding ironstones and dolomite. 

In conclusion the era of chemical precipitation, during which the dolomite 
and ironstones were formed, excluded the action of clastic transportation and 
deposition. 'The lands which supplied the source materials were, in all 
likelihood, low-lying. Chemical weathering and chemical transportation were 
the main processes in action. 

It is evident that during the period of diagenesis, the alternating bands of 
the ironstones consisting of ferric hydroside and silica gels, were materially 
altered. It was pointed out that in some cases, the boundaries between the 
successive bands are duite definite, whereas in other cases, they are less clearly 
defined. By the process of compaction during diagenesis, the banded nature 
was enhanced. In the experiments of Moore and Maynard (41) on the mode 
of settling and precipitation of iron and silica, it was found that “the upper 
surface of the gelatinous silica was irregular and consisted of spherical and 
elliptical globules of silica hydrogel” (p. 519). By allowing a fresh supply of 
Colloidal iron and silica to flow into the container, the irregularities and cavities 
were filled up by the iron precipitate. By virtue of compaction, therefore, these 
rough surfaces would be flattened out to some extent, thereby enhancing the 
degree of banding. 


The Banded lIronstones as Protores of lIron-Ore 


The banded ironstone division in the area under consideration forms a 
rock unit of considerable areal extent. 'The iron-content shows considerable 
variations from place to place. According to Wagner (55) the iron-content 
ranges from 15-44% in these ironstones. 'The most abundant mineral impurity 
is duartz, which renders the ironstones valueless as a source of iron at the 
present time. It is, however, clear that the ironstone formation holds an 
immense amount of iron. If by some geological process, a concentration of 
the iron could be effected, and the percentage of silica correspondingly 
decreased valuable deposits of iron could have been formed. 

1t was emphasised that the ironstones were deposited in a shallow, little 
agitated ocean. 'The individual iron and silica bands, therefore, must have 
approximated horizontality to a marked extent. 'This horizontal disposition was 
obviously highly unfavourable for the circulation of mineralising solutions. The 
necessity of subseguent structural and geological changes, favourable for the 
concentration of the iron in the ironstones was, therefore, imperative. 


323 
THE MINERAGRAPHY OF THE BANDED IRONSTONES 


Since the banded ironstones are intimately associated with the iron ore 
bodies and virtually seem to constitute the protore of the iron deposits, it 
is necessary to have a knowledge of the mineralogical constitution of these 
iron-rich rocks. Conseduently it may be possible to draw a conclusion as to 
what extent the mineragraphy and genesis of the iron ores are related to 
the nature and constitution of the banded ironstones. 

In an attempt to investigate the present-day mineralogical constitution 
of the banded ironstones, a number of specimens from various localities were 
polished and then studied under the ore microscope. Many specimens were 
found to be almost identical in mineral constitution, while others differ only 
in the amount and degree of alteration of the mineral constituents. 

On the polished surfaces of the ironstones, the alternating duartz-rich and 
iron-ore bands can usually be very clearly distinguished. In some cases these 
bands are considerably contorted and faulted. 'The ore bands are sometimes 
poorly defined and the ore minerals are then often indiscriminately distributed 
in the silica-rich bands. 'The ore bands are bluish-grey in colour and the 
component minerals constituting these bands cannot be distinguished with 
the unaided eye. 

Under the reflecting microscope, the ore bands are seen to consist of 
magnetite, hematite, limonite and a small proportion of martite. Magnetite 
ranks as the chief iron ore mineral. 


Fig. 3. Polished section of Banded Ironstone, Buffelshoek. 
X 184. M — magnetite H — hematite, L — limonite, 
C — cavities. Hematite and limcenite replacing magnetite. 


Magnetite: Generally, the individual magnetite crystals are subhedrally 
developed but euhedral crystals are also present, especially when they are 
completely enveloped by guartz. The magnetite mostly oECUFrs as aggregates 
in the ore bands. 'The euhedral character of magnetite crystals ER 
present in the duartz, is probably due to the fact that the magnetite crysta ise 
in a uniform medium, by virtue of which the force of crystallisation se 
instrumental in the formation of euhedral crystals. Subseguently ey. EE ; 
appears to have protected the magnetite crystals against Ee BEE 
Tt is also interesting to note that the surfaces of most of the magnetite cry 
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as seen on the polished sections, are extremely pitted, especially in the central 
portions of the crystals. 'The distribution of the minute pits is strikingly 
irregular, but in some cases a rudimentary, triangular pattern of orientated 
pits may be distinguished. In the marginal portions of the crystals, the minute 
pits are mostly absent, thus showing smooth, lustrous surfaces. In all probability, 
these pits represent material which could not be incorporated or expelled by 
the growing crystals during the earlier stages of crystal development. Since 
the force of cerystallisation is “effective only when it is called into play by 
resistance, as growth proceeds” (26, p. 41) and is also dependent on temperature, 
it is easy to understand that even a strong mineral may show a nuclear 
portion full of residual inclusions while the margins may be clear. 'The inability 
of the young magnetite crystals in forcing the inclusions aside during the 
initial stages of inefficient resistance and temperature, resulted in the 
engulfment of these inclusions. During the later stages of crystal growth, 
the expulsion of the foreign matter was effected by virtue of the force of 
crystallisation during conditions of higher resistance and temperature. 

Limonite: Limonite is well represented in the banded ironstones and 
occurs in the following forms. 

(a) As a filling medium in the cavities. A fair proportion of the limonite 
present in the ore bands is confined to the minute cavities in the rock. 

(b) Limonite veimlets. lLimonite veinlets are often seen penetrating into 
and traversing the ore bands consisting of magnetite and hematite, thus 
formine a beautiful network. (Fig. 8 (i)) These veinlets exhibpit considerable 
variation in extent and in thickness and traverse the magnetite irrespectively 
of the leptological disposition of the maghnetite crystals. Of special interest is 
the fact that the limonite veinlets show a striking preference for the magnetite 
areas in the ore bands. A limonite vein may broaden in the magnetite and 
traverse it completely, and then abut against hematite or may only extend 
for a very limited distance into the latter. 'The contacts between the limonite 
veinlets and the magnetite are invariably sharp. 


Fig. 4. Polished section of Banded Ironstone, Brakvallei (40) 
X 184. M -— magnetite H — hematite L — limonite 
(Goethite), G — gangue. Magnetite veined by limonite 
(Goethite). Hematite also replacing magnetite. Note 
development of martite in magnetite. 
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(c) Limonite pseudomorphs. In some cases, crystals show sduare and 
rectangular outlines. Remnants of magnetite are occasionally present in the 
limonite crystals. It is, therefore, evident that the original mineral from which 
the limonite was derived, was magnetite. 'The limonite crystals are, therefore, 
pseudomorphs after magnetite. 

(d) ZIrreguiar patches in other ore mimerals. Limonite also figures as small 
irregular patches in magnetite and hematite and sometimes in martite. 

(e) Amorphous limonite. A (fair proportion of the iron in the banded 
ironstones is present in the form of yellow, amorphous limonite, showing a 
distinctive yellow colour under crossed nicols. 'This type is commonly confined 
to the silica-rich bands in the ironstones, and appears to be intimately mixed 
With the silica. 

Hematite: Hematite constitutes an important component of the ore bands 
and invariably occurs as a secondary mineral, having in most cases been 
formed from magnetite and limonite. On purely textural grounds and its 
relation to magnetite and limonite, the hematite may be referred to the 
following types. 

(a) Rims of hematite around isolated crystals of magmetite and Timonite. 
This type occurs in the form of extremely narrow bands around the individual 
and isolated crystals of magnetite and in some cases around the limonite 
pseudomorphs. 'The edges of these hematite fences, which make contact with 
the gangue (ie. duartz) are usually smooth and relatively straight, in 
accordance with the outlines of the original magnetite crystals. 'The interior 
edges of the hematite rims along the contact with the magnetite, are always 
of a very irregular, indented nature. Minute tooth- and tongue-like projections 
of hematite are seen to invade the magnetite. (Fig. 7 (iD)) Tt is obvious that 
this feature provides positive evidence, that the hematite is replacing the 
magnetite from along the marginal portions of the latter, towards the interior 
of the cerystals. In addition, it appears highly probable that the limitation of 
the osidational replacement of the magnetite to the margins of the individual 
crystals, is due to their state of confinement in a matrix of guartz. The 
presence of rims of hematite around limonite pseudomorphs, seems to indicate 
that after the pseudomorphical transformation of magnetite to limonite, the 
latter was again dehydrated to hematite in some cases, around the rims of 
the limonite pseudomorphs. N 

(b) Penetrating veinlets of hematite. Narrow, irregularly shaped. veinlets 
of hematite are often seen to invade the larger patches of magnetite. See 
Figs. 3,4, 5. Each veinlet has a feather-like outline, making extremely jagged 
contacts with the magnetite. 'The veinlets sometimes intersect each other 
while in other instances, a system of veinlets forms an anastomosing network. 
Occasionally, the intersecting veinlets are seen to exhibit a roughly rectangular 
or triangular pattern, which signifies the influence exercised by the morphological 
structure of the original magnetite on the courses taken by the penetrating 
veinlets. 


Fig. 5. Polished section of Banded Tronstone, Waterval 

(13816) X 208. M — magnetite, H — hematite, C — cavities. 

Hematite replacing magnetite; hematite veins showing a 
roughly rectangular pattern. 


(e) Irregularly Sshaped crystal matches of hematite. Small, irregularly 
shaped crystal patches of hematite are often seen to interlock with diferently 
orientated neighbouring patches of similar shape. The contacts between the 
neighbouring patches are extremely irregular, and similar to those of the 
interlocking type of hematite (early hematite) in the case of the high-grade 
ores. Since remnants of magnetite are still present in these crystal patches 
of hematite, the latter mineral was undoubtedly formed by virtue of the 
Oxidational replacement of magnetite by hematite. Most of the surfaces of 
the hematite crystal patches are pitted, a feature which was apparently inherited 
from the magnetite and preserved during the oxidation of the latter mineral. 

(d) Hematite mpseudomorphs. Tn some hbanded ironstone specimens, the 
hematite occurs in the form of individual crystals, which are almost isolated 
from each other. 'The general outlines of these crystals as seen on polished 
section are those of octahedra, but mineralogically they consist wholly of 
hematite and may, therefore, be regarded as pseudomorphs of hematite after 
magnetite. (See Fig. 6 (i)) 

(e) Martitic hematite. An insignificant proportion of the hematite in the 
banded ironstones is present in the form of extremely thin laths in magnetite. 
(See Fig. 6 (ij)) On the polished surfaces of the ironstone specimens, these 
laths appear as straight needles which penetrate the crystals of magnetite. 
Three sets of laths can be easily distinguished. 'The laths belonging to the 
same set are strictly parallel to each other. 'The three sets intersect each 
other in such a manner that a triangular pattern is produced as a result of 
which the magnetite is partitioned into small triangular compartments. In 
fact, this feature undoubtedly represents the initial stage in the process of 
martitisation of magnetite and it provides an ideal example of the control 
which the cerystal structure of magnetite exercised on the oxidational replacement 
of magnetite under special conditions. 'This selective replacement of magnetite 
proceeded strictly along the octahedral planes of the magnetite crystals. 
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Fig. 6 (i) Polished section of Banded Ironstone, Brakvallei (40) X 184. 
E — martite G -— gangue minerals, dguartz and yellow limonitic iron. 
Martite displaying cubic outlines of magnetite. 


(ii) Polished section of Banded Ironstone, Mckip-Zyn-Rand (954) X 184. 

M -— magnetite E — martite G — gangue. Note development of martite 

in magnetite, mostly along margins of magnetite crystals. Magnetite showing 
euhedral outlines. 


sd Polished section of Banded Tronstone, Mckip-Zyn-Rand (954) X 184. 

— limonite (Goethite), G -— gangue CO — cavities. Original magnetite 

“ER altered to a1imonite (Goethite). Limonite (Goethite) partly 
martitised. Vein of later limonite across section. 


Martitic hematite is in some cases associated with limonite pseudomorphs. 
(See Fig. 6 (ii)) Since the martitic hematite appears to have commenced to 
form along the margins of the limonite pseudomorphs, it seems justifiable to 
assume that this type of hematite is younger than the pseudomorphous limonite. 
The feathery nature of some of the hematite laths, also suggests the same 
age disparity. 

1t, therefore, appears that the development of martitic hematite in the 
limonite is due to the pseudomorphous nature of the limonite. 'The martitic 
hematite of this type may conseguently be regarded as a para-pseudomorphous 
mineral after magnetite via the limonite phase, which signifies that the 
seemingly lost structures of the original magnetite were revived in spite of 
the vicissitude of pseudomorphic transformation. 

( Amorphous hematite. The areas between the ore bands, containing the 
yellow amorphous limonite, sometimes also contain irregularly shaped patches 
of hematite. It resembles the pseudomorphous type of hematite in the case 
of the high-grade ores and appears to be the youngest iron ore mineral in 
the banded ironstones. 
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(8) Flamy hematite. An almost unnoticeable proportion of hematite is 
present in the form of minute flames in limonite, occurring in the cavities. 
The hematite flames are in the form of minute lenticles and invariably occur 
in aggregates. 'The hematite exhibits a slightly lower coefficient of refiection 
than hematite proper. This property suggests that in all probability the flamy 
hematite does not belong to the hematite class having the chemical formula 
Fe,O,. On the other hand, Schneiderhohn (36, p. 560) maintains that there 
does `not exist definite iron compounds between limonite (2Fe,O,.3H,0) and 
hematite (Fe,O,) but that the hematite may absorb water instead of forming 
a definite chemical compound with the water and thus gives rise to what 
is now known as turgite, goethite, etc. 

Martite: Martite forms a very small proportion of the ore minerals in 
the banded ironstones. It occurs as well developed crystals in some of the 
ore bands, exhibiting the characteristic crystal outlines of magnetite. It also 
occurs in the form of isolated, individual crystals in guartz. (Fig. 6 (i)) 'The 
martite crystals are composed of parallel sets of hematite laths, intersecting 
in a triangular fashion. 

Martite sometimes occurs in the form of irregularly shaped patches in 
limonite, being in such cases associated with martitic hematite. (Fig. 6 (iii).) 
This type of martite will conseduently be referred to as para-martite. It 
cannot be definitely ascertained whether the common process of martitisation 
of magnetite (in which the latter mineral was directly transformed to martite 
or martitic hematite) took place prior to or after the stage in which the 
magnetite was pseudomorphosed to limonite. It seems, however, probable that 
the development of the para-martite is contemporary with the formation of 
martite proper, and that the limonitisation of the masnetite conseguently 
occurred prior to the magnetite-martite transformation stage. 


Résumé of the Mineralogical Constitution of the Banded Ironstones 


In the foregoing pages, an attempt has been made to give a descriptive 
account of the mineragraphy of the banded ironstones. In the light of the 
data thus obtained, the following generalisations may conseduently be made. 


(1) The ore bands in the banded ironstones are chiefly composed of the 
following iron ore minerals: magnetite, limonite, martite and the various 
mineral modifications of hematite. 

(2) Magnetite is without the slightest doubt, the first ore mineral to have 
been formed from the limonitie iron harboured in the banded ironstone 
formation. This is clearly indicated by the characteristic crystal shape in a 
groundmass of impure limonitic iron and by the fact that it is replaced by 
the other ore minerals: limonite, hematite, martitie hematite and martite. 
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Fig. 7 () Polished section of Banded lIronstone, Spitskop (756) `X 908. 
M — magnetite G — gangue. Magnetite only slightly martitised, 
(ii) Polished section of Banded lIronstone, Gatkop. X 208. H — hematite, 
G — gangue, CO — cavities. Disseminated pseudomorphs of hematite after 
magnetite, showing remnants of magnetite. 


(3) The genetic relation of the limonite with respect to both the magnetite 
and hematite, may be of a two-fold nature: 


(a) In some cases, the limonite bears a transgressive relation to both 
magnetite and hematite, which indicates that the limonite replaces 
both these minerals. 


(b) Generally, however, the limonite replaces the magnetite only, while 
in turn, the former mineral is replaced by hematite. 


It appears extremely likely that the feature (a) is due to surface-alteration, 
similar to that present in some of the high-grade ores. It seems reasonable 
to assume that the phenomenon (b) is of general significance with regard 
to the genetic evolution of the banded ironstones, subsedguent to the 
formation of the magnetite. In other words, it appears that the magnetite was 
being invaded and replaced by limonite, while subseguently, the latter mineral 
was dehydrated to hematite. 

It is important to note that the limonitic alteration of the magnetite does 
not appear to have taken place on a very extensive scale, as is evidenced by 
the presence of large unaltered remnants of magnetite in the limonite. 'The 
available evidence seems to indicate that the magnetite-limonite transformation 
period played a minor role in the genetic evolution of the banded ironstones 
and virtually seems to be a prelude to the next important genetic event, vis. 
the magnetite-hematite transformation period. 

The pseudomorphic nature of the magnetite-limonite transformation 
demands further explanation. 'Tt must be borne in mind that magnetite is 
regarded as a mineral of higher-grade metamorphic rank than limonite. 
From the metamorphic point of view, the replacement of magnetite by limonite 
displays a reversed sedguence of metamorphism and suggests a breaking down 
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of the magnetite during a period in which the conditions were favourable 
for pseudomorphic replacement. 'This process of the breaking down of higher 
minerals parallels that in which pseudomorphs are developed as a result of 
the action of solutions during conditions of retrograde metamorphism. 


(4) 'The hematite is invariably present as a derivative mineral in the 
banded ironstones, having been formed from magnetite and iimonite. Several 
types are distinguishable, most of which are oxidation products of magnetite. 
The leptological structure of the magnetite appears to have exercised considerable 
control on the mode of oxsidational replacement in some cases. 


(5) 'The ore bands contain exceedingly small amounts of martite. 'The 
presence of martite affords an ideal example of the role played by the crystal 
structure of the magnetite during the process of .oxidational replacement. 


() (ID 
Pie! 8a () and @D Polished sections of Banded Ironstcne, Waterval (1816) 
X 208. M — magnetite L — limonite, G — gangue, C — cavities. Magnetite 


partitioned by limonite veins, magnetite in process of martitisation along the 
borders of the crystals. 


The Metamorphism of the Banded lIronstones 


The Bushveld TIgneous activity commenced after the deposition of the 
Transvaal System. 'This extraordinary magmatic action was manifested in 
the ascent of a huge volume of magma which broke through the Transvaal 
System, engulfiing masses of it, and then flowing, from the loci of rupture, 
across the upper portions of the System. 'The extrusion of this mass of magma 
was accompanied by a general sagging of the area by reason of the spasmodic 
exchange of place between the magma and the sediments, and effected 
considerable metamorphic changes in the Transvaal System sediments of the 
area under consideration. 
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The mineragraphy of the banded ironstones clearly indicates that 
considerable mineralogical changes were brought about in these rocks, subsedguent 
to their deposition. 'There is not the slightest doubt that magnetite is the 
oldest ore mineral in the banded ironstones. 'The euhedral and sub-hedral 
crystal outlines of this mineral, as well as its present relation to the associated 
minerals are indicative of in situ growth. 'The development of magnetite in 
the banded ironstones can, therefore, be safely regarded as the result of the 
thermal metamorphism, exercised by the Bushveld Complex intrusion. 
Harker (26, p. 64) states that “when a deposit of hydrated ferric oxide undergoes 
metamorphism there is a reduction first of limonite to hematite and then of 
hematite to magnetite.” He also intimates that “in general any free silica 
which may be present recrystallises side by side with the magnetite without 
any mutual reaction.” 'The microscopic evidence does not suggest that hematite 
constitutes an intermediate phase between limonite and magnetite. It seems 
reasonable to infer that the hydrated ferric oxide was directly reduced to 
magnetite. It is interesting to note that Harker (26, p. 64) mentions an instance, 
recorded by Barrois, that in the contact aureole of the Rostrenan granite in 
Brittany, impure limonite was converted to a mixture of magnetite and 
chamosite. Schneiderhohn (44, p. 588) states that “aus Brauneisen und 
wasserhaltigen Silikaten, entsteht bei Kontak-metamorphose Magnetit, bei 
geringerem Druck, also besonders in Brgussgesteinskontak.” Minute specks of 
pyrite are also present in some specimens of banded ironstones. It is likely 
that the formation of pyrite dates back to the period when magnetite was 
formed and when ferrous iron was available. 

As a result of sagging, the Transvaal System sediments were tilted towards 
the south. 'The general southern dip displayed by the System to-day in this 
area, is the chief manifestation of this early deformation by the Bushveld 
Complex activity. In conseduence of the partial engulfment of the System 
by the Bushveld magma, the sediments were brought into the realm of the 
epi-erustal heat of the earth. This new disposition of the Transvaal System 
appears to have been extremely favourable for subseguent changes such as 
deformation by #folding and thrusting, and mineralogical reorientations and 
reconcentrations in the banded ironstones. 


'THE MINERAGRAPHY AND GENESIS OF THE IRON ORE 


It has already been pointed out that the iron ore occurs in the form of 
lenses in the banded ironstones along the north-eastern and northern slopes 
of the Gatkop promontory. In an attempt to unravel the genetic history of 
these ore bodies, a number of specimens from the several lenses were polished 
and subjected to investigation by means of the ore microscope. 


TOE MACROSCOPIC CHARACTERISTICS OF THE ORE 


Generally the iron ore exhibits a dark bluish-grey colour and produces a 
red streak on a porcelain plate. In some cases the ore is extremely porous, 
put uniform, compact varieties which break with a conchoidal fracture are 
also common. Of special interest also is the fact that the iron ore irom 
the irregular ore body near the thrust-plane on the north-eastern face of 
Gatkop, exhibits a brecciated appearance on fresh surfaces. In the latter 
instance, relatively compact “fragments” of ore are imbedded in a less compact 
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medium of bluish ore. 'The available evidence, such as the nature of the 
porous medium with respect to the more compact “fragments,” suggests that 
the mother rock (iron protore) was brecciated prior to or possibly during the 
period of mineralisation in conseguence of the intense thrusting to which this 
area was subjected. 

Only one ore mineral, viz. hematite, can be distinsuished with the naked 
eye. In the ore body near the thrust-plane on the north-eastern face of 
Gatkop, specularite forms the most important macroscopic ore mineral. This 
type of ore may be termed specularite ore. Macroscopically, it differs completely 
from the typical dull bluish-grey hematite ore, since the specularite blades 
produce remarkable steel-white refiections in ordinary light. Asbestiform 
hematite, being pseudomorphous after crocidolite was also observed. 

No textural relationships can be detected in the hand specimen with the 
unaided eye. 

It is extremely difficult and cumbersome to polish the ore, but in time, 
the writer succeeded in getting fairly good results. 'The polished ore sections 
exhibit a steel-grey colour and are less compact than they appear in the 
unpolished hand specimens. Numerous pits and cavities of very small 
dimensions are visible on the polished surfaces, and these are mostly irregularly 
distributed on the sections. In some cases a linear arrangement of cavities 
is noticeable. The fairly compact and less compact areas often appear in 
bands which traverse the sections more or less in parallel fashion. 'This banded 
structure, made up of alternating hematite ribbons of variable porosities, is 
undoubtedly a relic structure of the original banded ironstones. 


THE MINERAGRAPHY OF 'THE ORE 


During the course of the investigation of the iron ores, it was found that 
many of the specimens exhibited the same characteristics, while others difered 
only in degree of mineral composition and texture. 'To facilitate the under- 
standing of the mineragraphical and textural characteristics of the several ore 
bodies and to avoid repetition of similar characteristics exhibited by the various 
ore specimens, the mineragraphy of the ores will be described in mineralogical 
seguence. 

The mineral constituents of the ore are represented by several varieties 
of hematite, and minor proportions of magnetite, limonite and martite. Jn 
some ore specimens a few specks of pyrite were also noticed. 

Magnetite: Magnetite is the first ore mineral to be discussed, although it 
only constitutes an insignificant proportion of the minerals present in the 
ore. 

Magnetite can be very easily recognised on the polished surfaces of the 
ore, since it contrasts conspicuously with respect to the associated minerals. 
It can be easily distinguished from hematite; its colour of reflection is much 
lower than that of hematite and in addition shows a cream-brownish tinge. 
Since this magnetite is softer than the hematite, the difference in relief on 
a polished ore section is also a valuable criterion in distinguishing between 
these two ore minerals. By employing the oil immersion method of investigation, 
the difference between magnetite and hematite under the refliecting microscope, 
is even more pronounced. Under crossed nicols, magnetite is isotropic. 

The magnetite crystals are invariably anhedrally developed. 'The erystals 
are extremely variable in size and they do not occur along ceracks or along 
the edges of cavities, but are invariably contained in hematite. 'The boundaries 
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of the magnetite crystals are extremely irregular. In some cases the Crystals 
are rounded, showing relatively smooth boundary lines, but in most instances, 
the contact lines between the magnetite and hematite crystals are extremely 
serrated and irregular. 


D (ID 
Fig. 9 (i) Polished section of ore, Gatkop X 930. M — magnetite, H — early 
hematite, L — late limonite, C — cavities. Original cavity now occupied by 


micro-botryoidal, (late) hematite and Himonite. Micro-botryoidal hematite rings 
concentrally arranged in limonite. Minute crystals of specularite often form 
nuclei of concentric rings. 


(ii) Polished section of ore, Gatkop X 184. M -— magnetite H — early 
hematite, CO -— cavities. Magnetite replaced by early hematite. Minute 
Crystal of martite in hematite. Note alignment of cavities. 


Minute spearheads of hematite are seen to project into the magnetite 
thereby rendering the contact line extremely irregular in outline. Some of 
the hematite spearheads have widened out along their entire contact-fronts 
With the magnetite. Conseguently, such projections of hematite often show 
convex #fronts towards the magnetite. V-shaped tonguelets of hematite are 
freduently seen projecting into the magnetite. 

In cross-section the magnetite cerystals also appear as minute, rectangular 
and sduare blocks in the hematite. 'This feature is particularly common in 
the ore body which is stratigraphically situated above the specularite ore mass 
near the thrust-plane on the north-eastern face of Gatkop. 

Magnetite was also seen to occur in the form of minute triangular specks 
in martite. This mode of occurrence is rather uncommon, and was only 
observed in one specimen from the specularite ore body on the north-eastern 
face of Gatkop. It will be necessary to refer again to this mode of occurrence 
when martite is discussed. 

Of special interest is the association of magnetite with limonite. The 
investigation of a highly ferruginised banded ironstone near the Gatkop ore 
bodies, clearly shows that magnetite may also be contained in limonite. This 
mode of occurrence is also shown on a very small scale by some ore specimens 


V 


334 


from the Gatkop ore bodies. 'The significance of this magnetite-limonite 
association will be fully described when the genetic relation of the ore bodies 
With respect to their protores (banded ironstones) is discussed. 

In rare cases, when duartz constitutes a noticeable component of the ore, 
magnetite is sometimes completely enveloped by dguartz. 'The magnetite crystals 
are then often euhedrally developed in marked contrast to the anhedral crystal 
shapes of the mineral when associated with hematite and limonite. 'This 
mode of occurrence of magnetite carries great import, by reason of the 
presence of a similar feature in the banded ironstones and by virtue of the 
light it throws on the genetic relationships of magnetite with respect 
to the other ore minerals. 

The surfaces of some of the magnetite cerystals are characterised by the 
presence of minute pits. These were undoubtedly formed in consedguence of 
the failure of the magnetite crystals to incorporate the minute duantities 
of foreign material during growth. The relatively clear surfaces exhibited by 
some crystals, may be ascribed to the ability in expelling foreign material 
by virtue of the force of crystallisation during the advanced stage of crystal 
growth. 'To a certain extent, these inclusions appear to have been orientated 
in accordance to the disposition of the magnetite crystal structure. During 
the initial stages of crystal growth, the foreign material which could not be 
incorporated, would be irregularly distributed in the growing crystals. During 
the advanced stages of growth, the force of crystallisation comes into action, 
and since this force works vectorally, the inclusions will become orientated 
according to the structural pattern of the magnetite. Eventually, the force 
of erystallisation is competent to expel all foreign material and the final result 
is then manifested in the production of clear, inclusion-free crystals. 


The Early Hematite— The Interlocking Type 


@uantitatively, hematite constitutes the most important ore mineral. Tt 
can be easily distinguished from all the other minerals present, since it takes 
the highest polish and conseduently exhibits the brightest reflection under the 
refiecting microscope. 

The hematite crystals show a slight degree of bireflection in plane 
polarised light, the colour varying from bright-greyish to light-greyish. 'The 
degree of birefiection, however slight, is sufficient to enable one to observe 
the individual crystals of hematite on the polished hematite aggregate surface, 
when the stage is revolved. 'The diference in hardness in different cerystal- 
lographic directions, also promotes a slight degree of relief of certain hematite 
individuals on a polished surface. 'This property is also of value in detecting 
individual crystals on an apparently homogeneous polished surface of the ore. 

When the nicols are crossed (preferably 3% from the exact crossed position) 
a typical, deep-reddish colour is clearly visible at various sporadic points on 
the polished surface. 'This colour is due to the phenomenon of internal 
reflection and is a very useful property in distingsuishing hematite from the 
associated minerals. 'The hematite crystals behave clearly anisotropic under 
crossed nicols, the colour varying from dark to light-grey. 

Teztures. When a polished section of the ore is viewed under the refiecting 
microscope in plane polarised light, the majority of the hematite crystals is 
seen to ezhibit a roughly platy pattern. 'This platy disposition of the hematite 
is of a coarse nature. In some cases, the individual hematite crystal plates 
exhibit a linear orientation. A general survey of the nature of the hematite 
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crystals conveys the impression that the hematite is characteristically developed 
in the form of its usual platy pattern. When the seemingly platy aggregates 
of hematite laths are viewed under crossed nicols, the individual plates are 
clearly seen to consist of smaller hematite crystals, which exhibit various 
crystallographic orientations. 

Most of the boundary lines between the small hematite cerystals constituting 
the plates, are extremely irregular. Some of the contact-lines are clearly 
sutured in outline. (@Occasionally, the sutured pattern is less pronounced and 
in such cases the texture tends to become mosaic. 

Tn short, the type of hematite, described above displays an intricate fabric 
of interlocking hematite individuals, which are orientated at random with 
respect to each other. For reasons that will follow below, this type may be 
called early hematite. 


Specularite 


It has been pointed out that the high-grade ores are exztremely porous, 
and that the sizes of the pores and cavities show considerable variation. 

It is interesting to note that these cavities are mostly lined with crystals 
of specularite, which occur in the form of blades. 'The crystal blades often 
project into the cavities and in some cases traverse these open spaces. 'The 
specularite blades appear as elongated laths on the polished section, and they 
are usually disposed at random with respect to each other. 
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Fig. 10 () Polished section of ore, Gatkop. X 208. H — early hematite, 
B — micro-botryoidal (ate) hematite $ -— specularite L — late limonite, 
C — cavities. 'The limonite forms narrow bands along the margins of the 


micro-botryoidal hematite. 
(ii) Polished section of ore, Gatkop. X 208. M -— magnetite H — early 
hematite, $ — specularite, B — micro-botryoidal (late) hematite, C — cavities. 
The specularite crystals project into the micro-botryoidal hematite; and are 
lined with narrow fringes of late limonite. Magnetite is confined to the 
early hematite. Note the growth of specularite crystals on early hematite.. 
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Fig. 11 (i) Polished section of ore, Gatkop. X 208. $S — specularite, B — micro- 
botryoidal (late) hematite, L — late limonite, C — cavities. Laths of specularite 
show various orientations. 


(ii) Polished section of ore, Gatkop. X 208. S — specularite B — micro- 


botryoidal (late) hematite, L — late limonite, OC -— cavities. Note globular 
development in micro-botryoidal hematite. Specularite crystals are enveloped 


by narrow bands of limonite. 
(iii) Polished section of ore, Gatkop. X 184. S — specularite, G — gangue, 


C — cavities. Specularite crystals are magnetite-free. 


The crystal laths often abut against each other but it was howhere found 
that the blades intersect. No definite age disparity could be noticed in the 
case of the crystal blades constituting this type and it, therefore, seems 
reasonable to conciude that they were formed contemporaneously and represent 
crystals of the same generation. Jt is evident that the formation of this 
type was not materially hampered by lack of space. In fact, it is obvious 
that the presence of the cavities was instrumental in instigating the formation 
and growth of the specularite crystals. 

@uantitatively, the specular hematite varies considerably in the ore 
specimens from the different ore bodies. Mostly, however, it is subordinate 
in duantity to the early hematite. Some exceptions to this general rule may 
be cited. Specimens from the small ore deposit on the north-eastern face 
of the Gatkop peak on which the trigonometrical beacon is situated, show 
practically no specular hematite. On the other hand, the ore body near 
the thrust-plane on the north-eastern slope of the Gatkop promontory, is 
chiefly composed of specularite. 
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The specularite blades, generally form a disorderly network, in which the 
crystals show different crystallographic orientations with respect to each other. 
Specimens from the specularite ore body near the thrust-plane, however, also 
show that the crystal blades may occur in parallel groups in which all the 
individual blades are similarly orientated with respect to the microscope nicols. 
These hbunches of similarly orientated parallel blades may be regarded as 
parallel growths of closely-packed specularite blades. A bunch of crystal plates 
sometimes abuts against a transversely disposed blade or against another 
Crystal-bunch. 

When duartz is present adjacent to the specular hematite, the crystal blades 
are often seen projecting into the duartz area. 


The Late Hematite— The Micro-botryoidal Type 


The hematite comprising this type constitutes an insignificant proportion 
of the ore minerals. In addition, it was noticed only in a few specimens from 
the Gatkop ore bodies, and appears to have little genetic importance. 

In plane polarised light, the micro-botryoidal hematite exhibits a light- 
greyish colour. 'This colour of reflection is slightly lower than that of 
specularite and early hematite. 

The micro-botryoidal hematite is exclusively confined to the cavities in 
the ore. 1t is often seen enveloping the early hematite and specularite. 'The 
microscopic evidence clearly indicates that in many cases, this botryoidal 
hematite acts as a groundmass in which specularite and hematite crystals are 
embedded. 

The late hematite may be sub-divided into four classes. 

(a) The limear type. 'The linear type of hematite mainly occurs in the 
form of patches, which are constituted of groups of extremely small, elongated 
hematite crystals having various crystallographic orientations. 'The polished 
surfaces of this type are extremely matted in appearance and they show a 
very conspicuous deep-red internal reflection under crossed nicols. 

When the linear type of hematite is contained in, or is present along 
the margins of duartz crystals, the small individual Crystallites project into 
the guartz, giving rise to serrated contact boundaries. 'The crystallites often 
occur in the form of isolated groups in the duartz. On the polished surface 
these groups appear in oval, circular and irregular forms. In many cases 
the elongated crystals constituting these groups, are orientated in a radial 
manner. 

(b) The mottled type. Tn contradistinction to the degree of elongation 
exhibited by the individual crystallites of the linear type, the hematite 
crystallites belonging to the mottled type are approximately eduidimensional. 
Under crossed nicols, this type gives rise to a mottled appearance on account 
of the fact that the individual crystallites are crystallographically dissimilarly 
orientated with respect to each other. 'The mode of occurrence and the relation 
of this type to the early hematite and specularite, leave no doubt, that the 
mottled hematite type may be classed with the late generation of hematite. 

(c) The pseudo-amorphous type. In plane polarised light, the hematite 
composing this type, exhibits even, homogeneous surfaces. No individual 
crystallites can be detected as in the case of the linear and mottled types. 
Under crossed nicols, the hematite aggregates are seen to consist of various 
compartments, which exhibpit different crystallographic orientations with respect 
to each other. Bach compartment has a definite position of extinction under 
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crossed nicols, and then shows a very conspicuous deep-red internal reflection. 
The degree of internal reflection shown by the individual compartments varies 
considerably in accordance to the crystallographic disposition of the segments 
with respect to the vibration directions of the microscopic nicols. The mazimum 
internal reflection is naturally exhibited when the compartments are in the 
positions of darkness. 

(d) The concentric type. 'This variety is constituted of thin concentrically 
arranged hematite rings, which are often irregularly orientated on the polished 
surface. It may be noticed that an area, containing this type of hematite, is 
completely demarcated by an extremely narrow ring of hematite which is often 
disconnected in places. 'The area confined by this outer ring, may now contain 
several systems of rings, which may occur adjacent to each other. 'These 
systems may now contain smaller systems in the confined areas. In some 
cases the smaller concentric rings appear as perfect circles on the polished 
surface. (See fig. 9 (j) 'The nuclei of these systems may be constituted of 
limonite, crystallites of the late hematite, and specks of specularite. 
(See fig. 9 ()) 

The areas between the consecutive rings are usually occupied by limonite. 
In some cases, it was observed that an area of limonite is completely enveloped 
by several consecutive rings of hematite and much broader rings of limonite. 
In fact, specimens from the specularite ore body near the thrust-plane aft 
Gatkop, provide many instances where limonite is surrounded by narrow rings 
of hematite, the width of which varies from point to point. Tn other cases, 
the hematite forms disconnected extremely narrow bands along the margins 
of the limonite areas, and often penetrates into the limonite as feathery 
tonguelets. The hematite, composing these bands and rings, often ezhibits 
undulose extinction under crossed nicols. 


MARTITE 


Martite may be very easily distinguished from the accompanying ore 
minerals on the polished sections. In plane polarised light, the martite crystals 
exhibit characteristic pitted surfaces by reason of their internal structure and 
mode of origin. Tn colour, reflection-coefficient, internal reflection and 
bireftection, martite is similar to the early hematite and specularite. 

Under crossed nicols, the difference between martite and hematite is very 
clearly shown. The microscopic evidence reveals the fact that martite is a 
minera] built up of various components having different crystallographic 
Oorientations. These components appear as small rods or ill-defined bands, 
which occur in different sets. The bands belonging to the same set are strictly 
parallel to each other. From three to four sets of parallelly arranged bands 
are recognisable on a polished surface of a martite ecrystal. 'These sets 
intersect each other triangularly thus giving rise to a criss-cross triangular 
pattern. 

At the point of intersection of two martite bands, a slight broadening of 
the bands is noticeable. 'This feature signifies that the small individual martite 
bands were not formed as a result of ex-solution. '1f the latter process was 
responsible for the formation of the martite, one would expect that the 
individual bands would intersect each other without showing the slightest 
tendency to coalesce at the points of intersection. 

It is, therefore, evident that martite is a derivative mineral. 'The various 
orientations of the martite bands as seen in polished sections strongly suggest 
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that the parent mineral from which the martite was formed, was of octahedral 
habit and, therefore, probably magnetite. 'This conclusion is verified by the 
Tact that in some cases, isolated segments of the original magnetite, showing 
triangular outlines, are still present amongst Criss-cerossing rods of hematite. 
Another important feature which also distinguishes the process of martitisation 
from that of ex-solution, is the fact that a gradational relation exists between 
pure magnetite on the one hand and fully developed martite on the 
other, in other words, martitie effects can be observed in al stages. 
Magnetite — martitie magnetite — magnetitic martite — martite. 

Martite is, therefore, an alteration product of magnetite in ConNsedguence 
of oxidation. It is a pseudomorph of hematite after magnetite, and by virtue 
of its pseudomorphic mode of origin, this mineral is in fact an aggregate of 
minute irregular layers of hematite, disposed in accordance to the octahedral 
pattern of the. original magnetite crystals. 'The reason for the exploitation 
of the octahedral cleavages by the process of oxidational replacement is to 
be sought in the nature of the erystal structure of magnetite. A detailed 
description of the mechanism of replacement will follow below when the 
inter-relationships of the ore minerals are discussed. 

The microscopic evidence reveals the fact, that generally, martite forms 
a minor constituent of the ore. (See Fig. 9 (iD) It is usually very sparsely 
distributed in the ore, as relatively well-developed crystals. 'The most westerly 
lens of ore on the north-western face at Gatkop, reveals an abnormal enrichment 
in martite. G@uantitatively, martite constitutes the most important ore mineral 
in that particular section. 'This feature is undoubtedly of local significance 
only, and does not pertain to the constitution of the ore bodies in general. 

It has been pointed out that the crystals of martite are extremely mattea 
on the polished surfaces. Numerous pits are usually scattered all over the 
martite polished surfaces. 'These pits show an indistinct linear arrangement 
in different directions, in accordance with the orientation of the individual 
bands which constitute the martite structure. 

A slight difference in the nature of the martite bands is noticeable in 
Some ore specimens. ln plane polarised light some of the martite surfaces 
are less matted and the individual martite bands are much thicker than in 
the general case. The pattern produced by the intersecting systems of bands 
is sometimes poorly developed. 

The martite crystals are invariably associated with the early hematite, 
and they are mostly enveloped by the latter iron ore mineral. An unusual 
association of martite and limonite was also observed in a highly ferruginised 
banded ironstone near the ore bodies. Small triangular specks of limonite 
are scattered through the martite, being confined by the criss-crossing plates 
of martite. Reference to this particular mode of occurrence of martite will 
again be made below. 


LIMONITE 


Limonite may be easily distinguished from the associated ore minerals, since 
it exhibpits the lowest coefficient of reflection when observed under the 
microscope. In addition, it shows a very typical yellow internal reflection, 
and is slightly anisotropic under crossed nicols. 

Limonite is present as a minor constituent of the iron ores. In most of 
the specimens investigated, limonite is absent while in others it figures as 
a minor constituent. 
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These minute guantities of limonite may be referred to the foliowing 
classes. 


(a) Limonite as replacing mineral. Some of the limonite present in the 
iron ores often envelopes the isolated crystals of magnetite completely. 'The 
limonite-magnetite contacts are invariably embayed, with concavities facing 
the limonite. 'This contact relation strongly suggests that the limonite has 
invaded the magnetite by virtue of oxidation and hydration. Of special interest 
is the fact that in such cases where magnetite is replaced by limonite, the 
latter is in turn enveloped by hematite. In other instances, the limonite confined 
by the hematite rims, does not harbour magnetite. 'The nature of the contacts 
between the limonite and hematite suggests that the limonite, which originally 
invaded the magnetite, was in turn altered to hematite along the outer margins 
of the limonite crystals. 

The areas containing the micro-botryoidal hematite are often rimmed by 
narrow #ringes of limonite. The contacts between the limonite and hematite 
are extremely irregular and serrated, and conseguently suggest that the 
hematite was transformed to limonite along the margins of the hematite masses. 


(b) Irregular vatches and jfringes associated with early hematite and 
specularite. It was often found that small laths of specularite are entirely 
envcloped by narrow fringes of limonite. In such cases, the contacts between 
the limonite and specularite are invariably smooth and straight; it does not 
appear as if the limonite fringes extended into the space originally occupied 
by specularite. (See Fig. 10 (ij)) It is, therefore, unwarranted to postulate 
that a replacement relation exists between these two minerals. lLimonite is 
also present in the form of fringes along and near the contact boundaries 
of the areas occupied by early hematite. (See Fig. 10 (i)) 'The available 
evidence does not justify the assumption that the hematite was Teplaced by 
limonite. Tt is of interest to note that the limonite of this type almost 
invariably constitutes a marginal fringe of early hematite and specularite, 
enveloped by micro-botryoidal hematite. 

Small patches of limonite sometimes occupy the space confined between 
several specularite blades having different crystallographic orientations. It 
also occurs in the form of small specks, in some of the areas which are 
constituted of early hematite. 


(c) Limonite in martite. 'The presence of orientated specks of limonite 
in martite forms a notable feature in some ore specimens. It has been 
shown that martite is a pseudomorphous mineral after magnetite. 'The presence 
of the orientated specks of limonite in the martite favours the view that 
the original magnetite was replaced in a pseudomorphic manner, by limonite. 
Then, early hematite commenced to form. It appears probable that the process 
of hematitisation of the limonite pseudomorphs was guided and controlled by 
the inherited morphological structures of the pseudomorphous limonite. By 
working in along the established channels in the limonite, martite was formed. 
During the inward progression of the replacement, some hematite patches 
escaped transformation and hence they were completely enveloped by the 
newly-formed martite. 'This mode of development of the martite in the limonite 
thus explains the orientated distribution of the limonite patches in the martite 
structure. 


(d) Comncentric limonite. lLimonite also occurs between the successive 
rings constituted by the micro-botryoidal hematite type. Specks of limonite 
sometimes function as nuclei in the systems of hematite rings. (See Fig. 9 (i).) 


d41 


(e) Flamy limonite. Occasionally limonite is present in the form of small 
lenticularly shaped crystal-groups in early hematite. By virtue of their form 
these limonite patches resemble minute flames. 

d Limonite in cavities. A minute guantity of limonite is present in the 
Cavities. These limonite patches are invariably very irregular in form and 
bear no direct genetic relation with respect to the associated ore minerals. 


OUARTZ 


In the high-grade ores, guartz figures as a minor constituent and usually 
occurs in the form of very irregular patches. Its distribution in the ore is 
extremely irregular and erratic. 'The genetic relation of this gansue mineral 
with respect to the ore minerals is not clearly shown by its present mode of 
ocEurrence in the ore. 'The relation of duartz with specularite and some 
varieties of micro-botryoidal hematite has already been described. 


The Age Relations of the Ore Minerals 


In the foregoing pages, an attempt was made to give a descriptive account 
of the ore minerals present in the iron ores. In the light of the available 
evidence thus obtained, the inter-relationships between the constituents may 
be presented as follows. 


The Magnetite and Early Hematite 


There seems to be little doubt that magnetite is older than the early 
hematite. This age relation is clearly indicated by the microscopic evidence, 
viz. the nature of the contacts between magnetite and hematite and especially 
by the fact that magnetite is invariably enveloped by hematite. In the light 
of the mineragraphic study of the banded ironstones, it appears safe to assume 
that magnetite also figures as a primary ore mineral in the iron ores. 'The 
polished surfaces of some early hematite aggregates are characterised by groups 
of minute pits, these groups are very often irregularly distributed on the 
section. 'The minute pits constituting the individual groups show a roughly 
linear arrangement, corresponding very closely to the linear distribution of 
inclusions in the magnetite crystals, which were formed during the period 
of initial growth. 'The orientated pits in the hematite may, therefore, be 
regarded as a relic structure and provides additional proof that the early 
hematite was formed in conseguence of the oxidation of magnetite. In many 
cases, minute remnants of magnetite are present in association with these 
pits in the hematite and invariably, the residual magnetite displays similarly 
orientated inclusions. 


The Magnetite-Martite-Early Hematite Age Relations 


It has been pointed out that martite is a pseudomorphous mineral after 
magnetite, hence the former is younger than the latter. Since early hematite 
is also a derivative mineral, the duestion arises whether any age disparity exists 
between martite and early hematite. 

The microscopic evidence clearly shows that martite is in many cases 
completely enveloped by a mantle of early hematite. 'This relation naturally 
suggests that martite is older than the early hematite. 'The mineralogical 
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constitution of the banded ironstones and the inter-relationships of the ore 
minerals constituting these rocks also clearly indicate that martite is older 
than early hematite. It, therefore, appears to be the general case that the 
early hematite is younger than the martite. 


The Magnetite-Martite-Limonite-Hematite Association 


There seems to be little doubt that limonite is younger than the magnetite 
since the microscopic evidence clearly indicates that magnetite was replaced 
by limonite. On the other hand, a proportion of the limonite present in 
the ores, is completely enveloped by early hematite. 'This relation warrants 
the assumption that limonite is older than early hematite. 

The age relation between martite and limonite is less clear. It was found 
that martite may sometimes include orientated patches of limonite. Although 
it is possible that martite was first formed from magnetite, then pseudo- 
morphosed to limonite and again incompletely transformed to martite, in 
Conseduence of which small patches of limonite became orientated in the 
martite structure, it seems much more likely that the magnetite was first 
pseudomorphosed to limonite which was in turn altered to para-martite. 'The 
mineragraphy of the banded ironstones strongly suggests that para-martite 
may form from magnetite via the limonite phase. Since the formation of 
para-martite is in all probability contemporaneous with that of martite proper, 
it appears likely that the process of limonitisation of the magnetite predates 
the stage during which the latter mineral was martitised. 

The limonite which occurs in intimate relation with the magnetite, martite 
and early hematite, constitutes a very small proportion of the entire amount 
of limonite present in the iron ores. It, however, represents a distinct phase 
and shows a different genetic relation than the limonite associated with the 
micro-botryoidal (late) hematite and that present in the cavities. Conseguently 
this older limonite will be referred to as early limonite. 


The Age Relationships of the Early Hematite, Specularite and Late Hematite 


The relative age of the specularite stands in direct relation to the period 
during which the major cavities in the ore were formed, since it was observed 
that the specularite is invariably confined to these cavities. (See Figs. 10 (ii), 
Dl Geb (GbtY) ' 

1t appears very unlikely that the cavities were formed prior to the formation 
of the interlocking hematite . (early hematite). Tt must be remembered that 
the time during which the early hematite commenced to form, dates back 
to the period when magnetite was subjected to Oxidation. 'The mineragraphy 
of the banded ironstones clearly indicates that no cavities existed during that 
period, and that these rocks are completely devoid of specularite Crystals. 
In the case of the high-grade ores, it is often seen that some of the cavities 
which are not occupied by specularite, are completely enveloped by early 
hematite, and show a general alignment. (See Fig. 9 (ij)) Since there is 
not the slightest indication that more than one generation of cavities exists, 
it is extremely likely that the early hematite is older than the cavities and 
a fortiori, older than the specularite. Of special interest is the presence of a 
vein of specularite, traversing early hematite in one of the ore specimens. 'This 
vein is transgressively disposed with respect to the early hematite and provides 
clear evidence that the specularite is younger than the early hematite. 
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Special attention should, however, be paid to the relative proportions of 
the early hematite and the specularite in the iron ores. It was pointed out 
that the early hematite is guantitatively predominant in the ores. 'This fact 
implies that, since the early hematite was derived from magnetite, the latter 
was the predominant mineral in the banded ironstones, prior to the time 
during which these rocks were transformed into iron ores. 'The mineralogical 
constitution of the banded ironstones indicates that this appears very unlikely. 
it must, however, be borne in mind that during the period of specularisation, 
the cerystal surfaces of the individual interlocking hematites (early hematite 
crystals), were also favourable sites for the precipitation of iron, if space was 
available. Tt is, therefore, reasonable to assume that some of the early hematite 
crystals also developed during the time when specularite was formed by virtue 
of available space, thereby raising the proportion of early hematite to a 
marked extent. 'This assumption is supported by the observation that in many 
cases, no definite demarcation exists between the interlocking and specular 
hematites. 'The fact that the contact boundaries of those early hematite 
individuals which are in close proximity to the specularite areas, are usually 
less sutured than those of the early hematite crystals which still contain 
magnetite, appears to be additional evidence in favour of growth of the early 
hematite during the formation period of specularite. 

The microscopic evidence clearly indicates that the micro-botryoidal hematite 
(late hematite) is undoubtedly younger than the specularite and early hematite. 
It is often seen that specularite laths and patches of early hematite are 
completely enveloped by late hematite, and sometimes function as nuclei in 
concentrically arranged hematite and limonite rings. 'The late hematite 
sometimes occupies the interstitial space between specularite blades having 
different crystallographic orientations, while limonite is very often seen as 
fringes along specularite blades. 

Since limonite occurs in an intimate relation with late hematite, it is 
extremely likely that no notable age disparity exists between these two minerals. 
This limonite is, therefore, considerably younger than the limonite which 
replaces the magnetite (ie. early limonite) and may, therefore, be referred 
to as late limonite. 

The paragenetic seguence of the ore minerals in the iron ores may, 
therefore, be presented as follows: 
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LIMONITIC IRON ORE 
(BANDED IRONSTONES) 


EARLY LIMONITE 


MARTITE PARA- MARTITE 


EARLY HEMATITE 


SPECULARITE 


LATE HEMATITE 


LATE LIMONITE 


Fig. 12. Representation of the paragenetic sedguence of the iron ore minerals, 
showing the successive chronological stages in the evolution of the ore. 


The transformation of magnetite to early limonite, martite and para-martite 
appears to have taken place on an extremely small scale and seems to have 
predated the period during which the magnetite was converted to early hematite. 
It is interesting to note, that in the case of the banded ironstones a similar 
event antedates the actual transformation period of magnetite to early hematite. 
This similarity in the paragenetic seduence of the ores and banded ironstones 
is obvious, since, owing to the fact that this stage preceded the period during 
which the ore bodies were formed, the zones of banded ironstones now occupied 
by ore were subjected to the same infiuences as in the case of the entire 
banded ironstone formation. 

The presence of the early hematite in the ores provides clear evidence 
regarding a major event in the paragenetic evolution of the iron ores, Vviz. 
the period of oxidational replacement of magnetite by ferric oxide. As was 
indicated above, this major stage was preceded by a minor stage during which 
the magnetite was transformed to early limonite and martite. In an attempt 
to arrive at an explanation of the difference in the mode of oxidation of 
magnetite which gave rise to martite and early hematite, it will be of interest 
to consider this feature of oxidational replacement more closely. 
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(a) The martite phase. 'The transformation of magnetite to martite 
exemplifies the control exercised by the leptological structures of magnetite 
during the course of oxidation. It is, therefore, advisable to present a brief 
description of the crystal structure of magnetite in order to understand the 
nature of oxidation more clearly. 

Magnetite crystallises in the holohedral class of the isometric system, as 
determined by Bragg and Nishikawa in 1915, by means of X-ray analyses. By 
reason of its high degree of symmetry, the space lattice of magnetite exhibits 
planes and glide planes of symmetry, axes and screw axes of symmetry as 
well] as a centre of symmetry. 'The unit cell or cube contains the eduivalent 
of 8 molecules of Fe,O, and measures 84 A9? in length. 'The oxygen atoms 
are approximately orientated in closest cubic packing, the O-O distance being 
approximately 2.92 Ao. 'The set of ferrous ions is in a position of four- 
Co-ordination in a tetrahedral group of oxygen atoms ie. each ferrous ion is 
surrounded by four eduidistant oxygen atoms with spacing 1.79 Ao. 'The sets 
of Tferric ions are in positions of six - co-ordination. Bach ferric ion is 
surrounded by an octahedral group of 6 oxygen atoms with spacing 2.075 Ao 
between the oxygen and ferric ions. 'The structure of magnetite may, therefore, 
be pictured as a series of layers which are built up of tetrahedra and octahedra, 
in which every corner is common to one tetrahedra and three octahedra. 

The structure of masnetite may be presented in a more simplified form 
by considering the planes parallel to the predominant crystal faces. 


(a) In the case of the planes which are parallel to the cube face (100), 
planes of ferrous atoms alternate with planes containing both ferric 
and oxygen atoms. 


(b) In the planes parallel to the dodecahedral face (110), iron and oxygen 
atoms are present in all the planes, though in a different ratio. 


(e) In the planes parallel to the octahedral face (111), oxygen-containing 
planes alternate with ferric-ion and ferrous-ion planes. Tn Tact, 
between two oxygen-planes, there are three planes containing nothing 
put iron ions. 'The weakest bonds should be between two of the 
iron-containing planes and this feature, therefore, accounts for the 
octahedral cleavage in magnetite. 


When magnetite is oxidised to hematite, oxygen atoms are introduced into 
the lattice and these atoms are linked to ferrous ions which become ferric. 
One unit cell of magnetite needs four atoms of oxygen in order to be completely 
converted to hematite. 'The likeliest positions which these additional oxygen 
atoms can occupy in the magnetite structure, are in the octahedral planes 
which have the weakest bonds. Once these positions are occupied by the 
oxygen atoms, the magnetite structure becomes untenable since the additional 
oxygen atoms are now much closer to the ferric atoms than the old OxXygen 
atoms. 'The electrostatie eduilibrium, which is a necessity for the stability 
of erystal lattices is, therefore, upset with the result that the original magnetite 
crystal lattice collapses and a new distorted cubic (rhombohedral) lattice is 
formed to restore the eduilibrium. ks 

The progress of the oxygen atoms into the magnetite structure is in al 
probability effected by the process of diffusion (29). 'The force of difusion 
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probably depends largely on the “concentration gradient” and the relative 
attractive forces between like and unlike atoms. In other words, the progress 
of the oxygen atoms into the magnetite structure is directly infiuenced by the 
duantity of oxygen atoms available, and the electrostatic nature and affinities 
of the magnetite atomic layers. It was mentioned above that the octahedral 
atomic layers in magnetite exhibit the weakest cohesive force with respect to 
each other and they would, therefore, show the tendency to become more 
stable by uniting with the unlike oxygen atoms. According to Langmuir (33), 
these atoms will invade the structure in conseduence of the rotation of adjacent 
atoms. 'The rotation is probably effected by the concentration gradient and 
the electrostatic affinities. In other words, the individual oxygen atoms 
“advance step by step from one new position to another” (22, p. 887) along 
the octahedral atomic planes, until the magnetite crystal structure is completely 
transformed to the rhombohedral lattice, signifying the complete oxidation of 
magnetite to martite. The martite then exhibits characteristic pseudomorphic 
forms after magnetite, although the crystal structure is exactly similar to 
that of hematite. 

It is not known for certain at what temperature this transformation is 
effected. Schneiderhohn and Ramdohr (44) comment on the martitisation of 
magnetite as follows: “Im Laboratorium-versuch geht diese (ie. Umwandlung 
von Magnetit in Martit) erst bei recht hohen 'Temperatur vor sich, in den 
meisten Lagerstêtten fand sie bei sehr viel niedrigerer 'Temperatur statt. 
Eine ganz sichere Angabe der Bildungstemperaturen ist jedoch meist nicht 
Zuy machen. In vielen Fillen ist Martitisierung als Nachhall der erzbildenden 
Fatigkeit bei sinkender 'Temperatur anzusehen.” 'This would appear to be 
in full accord with the writer's view, viz. that the martitisation of magnetite 
was initiated during the period of falling temperature after the intrusion 
of the Bushveld Complex. 

(b) The early hematite phase. The manner of transformation of magnetite 
to early hematite appears to have been duite different from the nature of 
Ooxidation of magnetite to martite. ITt is, therefore, advisable to discuss this 
magnetite-hematite transformation in detail. 

When the textures of the early hematite were described it was emphasised 
that the seemingly homogeneous masses of hematite are composed of inter- 
locking hematite crystals having various crystallographic orientations with 
respect to each other. In some cases, however, remnants of magnetite are 
contained in homogeneous individual crystals of hematite which are not built 
up of interlocking compartments but which lie adjacent to other interlocking 
crystals. It was also noted that interlocking homogeneous individuals sometimes 
include small crystals of hematite having extremely irregular outlines. 'There 
is no doubt that these smaller crystals, contained in the bigger interlocking 
individuals were also formed in conseduence of the complete oxidation of the 
magnetite remnants, which were partly enveloped by the hematite. It is, 
therefore, extremely likely that the oxidational replacement of the magnetite 
commenced at different points on the surfaces of the magnetite cerystals. From 
these points, oxidation proceeded towards the interior of the magnetite erystals. 
As a result of the oxidation (which was duite different from the mode of 
oxidation in the case of the martitisation of magnetite), the crystallographie 
orientations of the individual, inward-proceeding hematite Tfronts which 
commenced to form on the different points on the magnetite erystal surfaces, 
would difer from one another. (One would also expect that the different 
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hematite fronts would advance at different speeds into the magnetite structure 
since the progress of any individual hematite front would be largely infiuenced 
by the force of oxidation at that particular point. TUltimately, if oxidation 
prevails long enough, the inward-proceeding hematite fronts will meet when 
the entire magnetite crystal is completely oxidised. 'The jasged and irregular 
contact boundaries exhibited by the interlocking hematite individuals in the 
ores, appear to be a direct result of the manner in which the hematite fronts 
advanced into the magnetite. 

The outstanding difference between the modes of transformation of 
magnetite to martite and early hematite, therefore, lies in the fact that in 
the case of the magnetite-martite transformation, the original cleavage 
directions of the magnetite were instrumental in giving rise to diferently 
Orientated sets of hematite bands, while in the case of the transformation 
of magnetite to early hematite, the oxidational replacement progressed in the 
form of solid ?#ronts into the magnetite, disregarding the morphological 
disposition of the magnetite structure. ln the latter case, the pits on the 
polished surfaces of the early hematite appear to be the only textural feature 
inherited from the magnetite. 

It seems highly probable that the force of oridation played an important 
part in the formation of the early hematite. 'The force of oxidation probably 
depended on various factors, viz. the concentration gradient, pressure, 
temperature, affinity between the respective atoms and their relative sizes. 
As in the case of the transformation of magnetite to martite, the space lattice 
of magnetite was invaded by oxygen atoms and distorted to a rhombohedral 
one to maintain electrostatiec eduilibrium. The comparative ease with which 
the magnetite structure was invaded by solid hematite fronts was in all 
probability effected by an appreciable deerease in the diffusion resistance. It 
is evident that the difusion may be lowered by a rise in temperature and an 
increase in the concentration gradient of oxygen. lt, therefore, appears that 
the formation of the early hematite was initiated during the stage when the 
vigour of oxidation was considerably enhanced. 

That the formation of martite preceded that of the early hematite, may 
be theoretically deduced from the fact that the concentration gradient of 
oxygen must have been obviously low during the period which immediately 
followed the Bushveld intrusion. Since the formation of the early hematite 
would need a much higher concentration gradient of oxygen, it may be 
reasonably inferred that the early hematite was formed during a later period. 
This theoretical deduction appears to be in full agreement with the microscopic 
evidence. 

(6) The limonite phase. 'Tt was also pointed out that in some cases, 
magnetite was altered to early limonite, which in turn was transformed to 
martite. 'The available evidence indicates that the magnetite was in fact 
pseudomorphosed to early imonite and suggests that the original structural 
features of magnetite were preserved during the transformation. 

Tt is not clear in what manner this magnetite-early limonite transformation 
was accomplished. It is difficult to visualise the oxidation and hydration of 
magnetite, without considering a complete distortion of the crystal lattice on 
account of the presence of H,O molecules in the structure. It is probable 
that the original magnetite lattice was only distorted to a certain extent during 
the time when early limonite was formed, with the result that when dehydration 
commenced, the development of hematite in the early limonite proceeded 
according to the martite pattern. 
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The Specularite Phase 

1t was indicated in the foregoing pages that the specularite is younger than 
the early hematite and that it occupies the cavities in the ore. 'This implies 
that the cavities must have been formed subseduent to the formation of the 
early hematite. Most of the cavities were then filled up by virtue of the 
introduction of ferruginous material which crystallised in the form of 
specularite. As a result of this introduction of iron into the cavities, the 
rock virtually became enriched in iron. 

The chief impurity in the banded ironstones (iron protores) is silica. IT 
this silica could be removed or replaced by iron, the iron-content of the rock 
would be increased and the banded ironstone be transformed to iron ore. 

No replacement relation between the silica and specularite can be 
postulated, since 


(a) The nature of the few visible contacts between the specularite and 
duartz does not suggest a replacement relation between these two 
minerals. 


(b) The interstitial spaces confined by diferently orientated specularite 
blades very seldom contain duartz. Usually, these spaces are occupied 
by late limonite, late hematite or they may be empty. It is to be 
expected that if the duartz was replaced by specularite, the interstitial 
areas between the crystal blades would be occupied by duartz. 


It appears reasonable to conclude that the major proportion of the duartz 
was removed prior to the introduction of the specularite, in other words, the 
gangue mineral was leached from the iron protore. During the past, much 
attention has been paid to the problem of the leaching of silica, but it cannot 
be stated that conclusive `results were arrived at, concerning the mechanism 
of leaching, the nature of the solvent and the behaviour of the dissolved silica 
subseduent to solution. Many investigators have, however, established the fact 
that silica may be effectively dissolved by reagents such as carbonated waters, 
Ooxygenated water, solutions of magnesium- and calcium-bicarbonate, acids 
and alkalies and peat solutions. Moore and Maynard's experiments regarding 
the solution, transportation and deposition of silica and iron are valuable 
contributions to our knowledge of this subject, but many of the problems related 
to the leaching of silica are still unsolved. 

At the time when the leaching of silica was initiated, the mineralogical 
constitution of the iron protores was in broad outlines as follows: 


(1) Magnetite occurred as unreplaced remnants in the banded ironstone. 

(2) Early hematite replacing the magnetite. 

(8) Limonitic iron which formed the primary constituent of the banded 
ironstones and which escaped from being transformed to magnetite 
during the intrusion period of the Bushveld Complex. 

(4) Silica as the chief gangue mineral. 


It is evident that any solvent would have to dissolve silica in preference 
to iron, in order to raise the proportion of iron in the iron protore. 'The 
experiments of Moore and Maynard clearly indicate that much more silica 
than iron is taken into solution by one and the same solvent, capable of 
dissolving iron and silica. In the case of peat soluticns, it was fcund that 
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the guantity of silica taken into solution from norite, was siX times more 
than the amount of dissolved iron. Moore and Maynard also ascertained that 
“the proportions of lime, magnesia and the bicarbonate radicle do not materially 
affect the proportions of iron carried by natural waters.” (41, p. 991) It was 
pointed out that solutions of magnesium and calcium bicarbonates are effective 
solvents of silica and it is, therefore, probable that such solutions may be 
responsible for the preferential removal of silica from the iron protores. 

Once the silica is taken into solution, it must be removed. 'The process 
of difusion would be inefficient to effect a large-scale removal of silica. Since 
difusion depends on differences in concentration of the solutions, it appears 
highly improbable that such diferences were sufficient in effecting a large-scale 
migration of silica. It is extremely likely that the solutions actually circulated, 
in consedguence of which the dissolved silica was constantly being removed 
by these circulating solutions. 

During the initial stages of the circulation of the solutions, both iron and 
silica were probably taken into solution. 'The relatively high degree of solubility 
of silica with respect to iron implies that the solutions were duickly saturated 
With iron. 'The iron will, therefore, be much more susceptible to precipitation 
with the slightest variation of conditions in the physical milieu. 

Specular hematite is classed by the greater majority of writers as a 
hypogene mineral, that is, a mineral which crystallises under conditions of 
relatively high temperatures. It may conseguently be inferred that the 
temperature was appreciably high during the crystallisation period of the 
specular hematite. It also appears that the crystallisation of the specularite 
oceurred at a relatively slow rate, resulting in the characteristic development 
of this iron ore mineral, and that the supply of iron, necessary to build up 
the specularite, was steady and continuous. It is clear also that the cavities 
which functioned as sites of crystallisation of specularite, were not flooded by 
ferruginous material. 


The Late Hematite 


The structures and textures exhibited by the late hematite clearly indicate 
that the conditions during which this generation was formed, differ widely 
from those which prevailed during the precipitation of the specularite. Limonite 
and earthy hematite are regarded as true “supergene” minerals. 'The fact that 
the late hematite and late limonite invariably occuby the cavities, and form 
rims around the older ore minerals, as well as occurring in botryoidal and 
concentrie forms, clearly points towards a similar mode of origin. 

@uantitatively, the late hematite only comprises an insignificant proportion 
of the ore and was noticed only in a very limited number of specimens. It, 
therefore, appears likely that this type is due to surface weathering, in 
conseguence of which some of the crevices and cavities were filled by hematite 
and limonite from percolating iron-laden watery solutions. 


BRIEF REVIEW OF EXISTING 'THEORIES CONCERNING THE 
ORIGIN OF SECONDARY IRON DEPOSITS 


Hise (59) formulated an hypothesis, which was 
de of enrichment in the case of the Lake Superior 
be appropriately called the Weathering- 
d that the iron ores owe their secondary 


Tn 1911, Leith and Van 
intended to elucidate the mo 
iron deposits. This hypothesis may 
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concentration to oxidising and leaching solutions which moved downward and 
laterally from the surface. It is supposed that the. downward circulation 
of the surface waters was controlled and guided by the structural features 
in the rocks, such as bedding-planes and synciinal troughs. COonseduently, by 
virtue of the surface waters in the iron protores, the concentration of the 
Lake Superior iron deposits was accomplished by the processes of oxzidation, 
and the leaching of silica from the taconitic rocks. 

In 1926, the fundamental concept embodied in this weathering hypothesis, 
viz. the leaching of silica' by solutions which circulated from the surface 
downwards, was seriously challenged by Gruner (24), who postulated that the 
iron ores of the Lake Superior district were concentrated by hydrothermal 
solutions which emanated from basic and acid intrusions from below the 
iron-bearing rocks. According to this hypothesis, the absence of limonite 
in some cases and the presence of ore bodies at great depths are easily explained. 
Gruner also maintains that according to laboratory evidence, “oxidation and 
leaching of silica are greatly accelerated by moderately high temperatures 
Of 200-C to 300C.” 'The hydrothermal hypothesis also provides an explanation 
for such features as the absence of ore deposits in troughs where no igneous 
intrusions are present and the intimate association of the intrusions and ore 
bodies in some cases. 

In the light of new data relating to the mineral constitution and geological 
relationships of the Lake Superior iron ore bodies, Gruner (20) modified his 
hydrothermal hypothesis in 1937, by laying much more stress on the possibility 
that the ores were formed by heated meteoric waters, especially in the case 
of the soft Mesabi ores. (Gruner briefly enumerated the factors opposed to 
both the weathering and hydrothermal hypotheses as follows. He maintains 
that the weathering hypothesis is incompatible with the facts that the ore 
bodies are present at abnormal depths and that no noticeable change in the 
guality and physical conditions of the ore is recognisable in depth. Another 
Opposing factor to the weathering hypothesis is afforded by the “probability 
that cold meteoric waters entering the iron formations were already saturated 
With respect to silica ....'due to previous contact with silicates in the soil 
and in other formations” (20, p. 122). 'There is also a lack of synclinal structures 
under the ore bodies to guide the flow of meteoric waters, and important 
impervious layers in the iron formation are also absent. 'The steep and sharp 
walls of many ore bodies are indicative of rapid circulation in well-defined 
zZzones. 'The ore bodies are confined to a limited number of areas in the Lake 
Superior district, a feature which is rather unexpected in view of the mode 
of concentration of the iron ore by circulating surface solutions. It also appears 
unlikely that the iron ores were concentrated according to the hydrothermal 
hypothesis since one would expect that the magmatic waters were - already 
saturated with respect to silica when they entered the iron formations. Minerals 
which are usually associated with magmatic waters are exceptionally rare. 


According to the modified theory of Gruner, the meteorie waters in the 
iron formations were efficiently heated by the underlying magmas. 'The heat 
ascended from below, as hot emanations, probably as super-heated steam. 
Assuming that the iron formations were saturated with groundwater, hot 
gaseous emanations from below “broke through and in their upward rush 
heated and deflected the groundwaters towards the surface” (20, p. 186). 
Oxidation and leaching appear to have taken place simultaneously. 'The 
dissolved “silica was largely deposited on the surface” (20, p. 127), which 
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ulitimately formed a capping. 'These cappings obviously protected the ore 
against the erosion and also “sealed of early channels and caused spreading 
of the leaching laterally and up and down the dip” (20, p. 127). 'This feature 
is supposed to explain the abrupt ending of some ore bodies either laterally 
or vertically. It is, therefore, evident that the formation of such silica cappings 
marked the beginning and not the end of the formation of the ore bodies. 
The upward progression of the heated meteoric solutions was facilitated by the 
presence of fissures which functioned as loci for the deposition and formation 
of the ore bodies. 


Gruner's modified theory relating to the genesis of the Lake Superior iron 
ores is unfavourably criticised and rejected by Leith, Royce (42) and others. 
Dunn (11), on the other hand, is decidedly non-committal in his judgment. 
He states: “In the Lake Superior area there has been considerable discussion 
as to whether the ores have been concentrated by meteoric or surface waters 
or whether concentration has been brought about by ascending hot magmatic 
waters. From the evidence of Indian ores, it seems unnecessary to subscribe 
to such arguments, for it is apparent here that concentration has arisen under 
both sets of conditions. Any circulating waters seem capable of performing 
this work” (11, p. 211). JIn other words, Dunn believes that circulation of 
waters is the primary condition for enrichment. From this it follows that 
the geological factors which were instrumental in initiating and facilitating 
the circulation of the potential mineralisers, are of major importance in the 
problem of iron mineralisation. 


@uite recently, an interesting paper was published by Roberts and Bartley 
(49), in which the hematite deposits at Steep Rock Lake, Ontario, in the northern 
part of the Lake Superior Region are described as hydrothermal replacements. 


The Steep Rock iron ores are present along the northern edge of the 
Steep Rock basin, at the unconformable contact between old limestone and 
tne overlying greenstone, and consist of massive red hematite and brown 
hematite in about edgual proportions. Disconnected elliptical vugs, most often 
lined with minute crystals of hematite and sometimes with. duartz and 
carbonates, are also present in the ore mass. No banded ironstones are 
associated with the ore. Conseduently the writers “were compelled to seek 
a theory of origin for the ore other than those which have usually been 
postulated” (42, p. 4). No evidence could be obtained to suggest that “the 
ore deposits could have developed from the oxidation of sulphides or the 
weathering of the limited amount of iron carbonate present,” probably in the 
limestone. Hence the writers “considered the possibility that the Steep Rock 
ores were formed as primary replacements by ascending magmatic solutions.” 
In addition, it is asserted that the deposits of the Vermilion Range of 
Minnesota and those of Michigan have a similar mode of origin as that 
of Steep Rock. On the other hand, the writers admittedly agree with Leith 
and van Hise that the ores of the Mesabi Range are clearly the result of 
weathering processes acting on the banded ironstone formation. 'This assertion 
validates and strongly supports the general statement of Dunn that “any 
cireulating waters seem capable of performing this work” of iron enrichment. 
Of general importance is the statement by Roberts and Bartley that “all 
geologic processes that are known to be capable of transferring iron, must be 
given their due weight in unravelling the manner of or'gin. of the various iron 
ore deposits in the Lake Superior Region and this according. to the evidence 
(49, p. 93) available in each particular situation” (italicised by present 
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writer). 'This statement can, without the slightest doubt, claim to be of 
universal significance and should always be kept in mind when the origin of 
secondary iron ore deposits is subjected to a thorough investigation. 


The Geological Milieu of Enrichment of the Gatkop Ore-Bodies 


In an attempt to reconstruct the geological milieu during the period when 
the ore bodies were formed, it will be advisable to give a brief representation 
of the essence of the problem of iron mineralisation. Repetition of certain 
facts regarding the constitution of the ores, therefore, seems almost unavoidable. 

The main difference existing between the mineragraphy of the protore and 
the high-grade ores are manifested in the presence of specularite in the ores 
and its absence in the protores and the vice versa relation exhipited by duartz. 
@uartz figures as a minor constituent in the ores; it is evident that the removal 
of duartz prior to the introduction of specularite, also resulted in the enrichment 
of the protore. 'The impoverishment in duartz and. the introduction of 
Specularite into the iron protore, therefore, appear to be the basic processes 
during enrichment. 'These processes functioned co-operatively and relatedly 
towards promoting the iron protore to an ore. 

The processes of the impoverishment in duartz and the .subseguent 
introduction of specularite embody the idea of movement of the solutions which 
dissolved the silica and which precipitated the specularite. 'The perfection 
of enrichment, especially the thorough removal of silica conveys the idea 
of circulation of the solutions to a marked extent. 

It was previously indicated that the southerly inclination of the entire 
Transvaal System in this region was induced by the Bushveld Igneous intrusion. 
It was also pointed out that the Waterberg formation was deposited on a 
post-Bushveld erosion surface. 'The distribution of the Waterberg System in 
the Transvaal and elsewhere, strongly suggests that this erosion suriace was 
of considerable regional extent. It also appears that the time during which 
this erosion surface was formed, was of no inconsiderable length. 

Al the available evidence, therefore, clearly indicates that the Dolomite 
Series was exposed for considerable lengths of time during the periods which 
followed its deposition. The mineralogical constitution of the banded iron- 
stones also shows that the magnetite in the banded ironstones was subjected 
to the process of limonitisation prior to the time when the ores were formed. 
The osxidation of the magnetite was probably accomplished during the period 
when these rocks were rendered accessible to surface waters. 

Dolomite is renowned for its water-storage capacity. It, therefore, seems 
reasonable to postulate that during the pre-Waterberg erosion period, 
considerable amounts of water entered the dolomite formation as well as smaller 
amounts which entered into the other rock members of the Transvaal System. 

During the period of deposition of the Waterberg System these waters were 
retained in the dolomite of the Transvaal System and became exclusively 
saturated with the carbonates of calcum and magnesium. When the 
sedimentation of the Waterberg period was completed, the Transvaal System 
sediments, must have been buried to a considerable depth. It appears 
justifiable to postulate that the burial of the Transvaal System sediments was 
instrumental in bringing the dolomite formation into the realm of the earthms 
internal heat. Tt should furthermore be remembered that the prozimity of 
the relatively young Bushveld igneous rocks, appreciably enhanced the raising 
of the temperature gradient, as is common in the case of eruptive rocks. 
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The acaguisition of heat by the solutions harboured in the dolomite formation, 
appears to have been an important asset, in view of their solvent capacity. 
Tt must be remembered that these solutions were already holding the carbonates 
of calcium and magnesium in solution and were, therefore, capable of dissolving 
iron and silica. 'The waters in the deeply buried dolomite formation can, 
therefore, be looked upon as potential mineralisers. 

The only additional factor necessary to put these solutions to work, is 
the process of circulation. If the solutions could be set into motion by some 
process and if channelways were rendered available, it is easy to realise that 
portions of the potential solvents would actually invade the banded ironstones. 
At first, the circulation would be slow, since the progress of the solutions 
would he hampered to some extent by the nature of the invaded rocks. 
Circulation would, however, be accelerated as soon as solution cavities are 
produced in conseduence of the removal of duartz. 

It is evident that the process of structural deformation embodies the idea 
of movement of rock masses, and that the circulation of solutions is 
conseguently facilitated. It was pointed out in the chapter on the structural 
geology of this region that the Transvaal System sediments were thrusted, 
folded and deformed in conseguence of the terrific tectonic deformation to 
which this area was subjected. It, therefore, appears extremely likely that 
this structural deformation was instrumental in initiating the circulation of 
the dolomite waters. ln addition, channelways were formed which furthermore 
facilitated the movement of the waters upwards. Conseguently, an indeter- 
minable proportion of the meteoric waters actually entered the banded ironstone 
horizons and commenced to concentrate the iron in the form of ore lenses. 


The Mode of Enrichment 


In the discussion of the theories relating to the origin of the Lake Superior 
iron 'deposits, it was pointed out that there is still much disagreement among 
eminent geologists concerning the problem of iron mineralisation. It is, 
however, clear that circulation of the potential mineralisers was instrumental 
in initiating the formation of ore bodies, as a result of the preferential removal 
of silica. 

In the case of the iron ores of the Gatkop area, the available evidence 
strongly suggests that the mineralising capacity of the solutions which formed 
the ore bodies, was derived from the dolomite formation which directly 
underlies the ore-bearing banded ironstones. Prior to the period of 
mineralisation, these solutions were probably in the form of meteoric waters, 
trapped in the dolomite, and which became saturated with calcium and 
magnesium carbonates. 'The solutions then acduired an appreciable temperature 
which became a valuable asset during the period of concentration of the 
iron ores. 

'The structural deformation to which this area was subjected caused these 
heated solutions to circulate beyond the confines of the dolomite formation. 
By virtue of the circulation of the solutions in the banded ironstones along 
channels which were determined by the structural deformation,  guarta was 
effectively dissolved in preference to iron. 

It has already been pointed out that the major proportion of the early 
hematite was formed by virtue of the oxidation of the magnetite in the banded 
ironstones. lt appears highly probable that this process was accelerated in 
those zones which acted as the loci for the circulation of the mineralising 
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solutions. Tt is evident that the solutions circulated in the zones NOW occupied 
by ore, long before the specularite was deposited, viz. during the time when 
silica was leached from the prospective ore zones. 'The nature of the early 
hematite also suggests that the oxidation of the magnetite was accomplished 
at a high rate, in conseguence of which the leptological structure of the 
magnetite was incompetent to exercise any control on the course of oxidation, 
as is true in the case of martite. 

Limonitic iron was also dissolved in the deeper zones and its subseguent 
precipitation higher up, is manifested in the large-scale enrichment in iron, 
viz. the development of specularite and the formation of large siderite and 
limonite masses in the dolomite at such places where the circulation of the 
iron-bearing solutions were concentrated. The higher solubility of the duartz 
with respect to iron resulted in the preferential removal of silica. It is highly 
probable that the solutions were always in a state of supersaturation with 
respect to iron and that the dissolved iron was constantly deposited as 
specularite, while the limonitic iron was concomitantly taken into solution and 
deposited likewise as specularite in the cavities which resulted by virtue of 
the solution of silica. 'The dissolved silica was effectively removed by the 
solutions and in all probability deposited further upwards in the banded 
ironstones and neighbouring formations. 'The presence of numerous veinlets 
of aguartz, traversing the banded ironstones, constitutes valuaple support in 
favour of this probability. G@uantitatively, there does not appear to be any 
objection, since the ore bodies from a very insignificant proportion of the banded 
ironstones. Tt is not difficult to believe that the silica, which originally formed 
part of the rock zones now occupied by ore, could be harboured by the rocks 
in proximity of the ore lenses. 'The available evidence clearly indicates that 
no large-scale migration of iron had taken place in the banded ironstones, 
except in those local zones which ultimately formed the actual sites of ore 
concentration. 


Recently an unpublished paper by J. E. de Villiers (9) on the origin of 
the iron and manganese deposits in the Postmasburg and 'Thabazimbpi areas, 
was submitted to the writer. This paper is a valuable contribution to our 
knowledge of this highly controversial subject of iron mineralisation and its 
information was much appreciated by the present writer. De Villiers arrived 
at the conclusion that the mineralisation in the Thabazimbi area was effected 
by hot ascending solutions which emanated from the dolomite formation, and 
which carried the carbonates of calcium and magnesium in solution. He 
further asserts that “the simplest assumption appears to be that these metals 
were dissolved from the dolomite formation.” 'This statement inevitably landed 
him in the difficulty of explaining the absence of manganese deposits in the 
Thabazimbi area. If the dolomite formation acted as the source of the iron 
now present in the iron ore bodies, one would expect that deposits of manganese 
would be intimately associated with that of iron, since it is known that the 
dolomite contains appreciable amounts of manganese. No such deposits of 
manganese were found in association with the deposits of iron. In the iron 
ore bodies, manganese is at the most, only present as a very rare accessory 
constituent. In most of the ore specimens not even traces of manganese could 
be detected. On the other hand, manganese is present in minute proportions 
in the sideritised portions of the dolomite formation, probably occurring as 
a carbonate. Manganese also figures as a minor accessory in the highly 
ferruginised breccias on the north-slope of the Southern Range, Spitskop (756). 
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By reason of these facts it may, therefore, be stated that no large-scale leaching 
of manganese from the dolomite formation did take place. 'That the solutions 
which emanated from the dolomite actually carried both manganese and iron 
in small amounts, need not be aguestioned. 'The important point to consider 
is how the mineralising potentiality of the solutions was affected upon entry 
into the iron-rich banded ironstones. 


Tt is. important to know whether the solvent activity of the invading 
solutions was in any way hampered by the physical constitution of the banded 
ironstones. 'Tt is known that such minerals as hematite and magnetite are 
extremely resistant to solution. In the mineragraphic description of the 
banded ironstones, it was pointed out that these rocks contain appreciable 
amounts of magnetite and hematite. The mineragraphy of the surface 
specimens, clearly indicates that these minerals exhibit no evidence of having 
been corroded, by solutions. Only oxidation effects are noticeable. A survey 
of the constitution of the banded ironstones, however, leads to the conclusion 
that an appreciable proportion of the iron present in the ironstones is in the 
form of hydrated oxides, admixed with silica. 'This iron is probably amorphous 
in nature and gives rise to a vellow field when viewed under the refiecting 
microscope. lIt seems obvious, therefore, that soluble iron was certainly 
accessible to, and acduirable by the heated invading solutions. 


The mineragraphic constitution of the ore bodies strongly suggests that 
the limonitic iron originally harboured in those zones which are now occupied 
by ore, was subjected to solution and re-precipitation by the mineralising 
solutions. 'There is not the slightest indication that the original limonitic 
iron escaped from being dissolved, since no trace of the presence of this iron 
phase could be detected in the ores, whereas it forms a notable constituent 
in the unmineralised banded ironstones. The absence of limonitic iron in 
the ore zones bears testimony to the statement that this iron phase of the 
banded ironstones could actually be reconstituted by the mineralising solutions, 
viz. by means of dissolving and Te-precipitating the iron as specularite. Tt, 
therefore, appears highly probable that in the lower regions of the mineralised 
zones, limonitic iron was taken into solution and transported upwards. 'This 
dissolved iron is then precipitated and since the solutions become impoverished 
in iron by reason of precipitation, limonitic iron from the immediate 
neighbourhood of the sites of precipitation, was again dissolved and 
reprecipitated in the form of the stable phase, specularite. Conseguently, it 
seems reasonable to postulate that at least a portion of the iron precipitated 
as specularite, did not enjoy a large-scale transportation, but was merely 
reconstituted at and in close prosimity to the original sites of occupation. 'That 
transportation of iron from lower to higher levels actually took place is, 
however, also obvious. In short, the ore zones, therefore, appear to have been 
enriched in iron by means of solutions which obtained the iron in the 
following ways: - 


(a) Solution of limonitic iron in lower regions of ore zones (banded 
ironstones). 


(b) Reconstitution of limonitic iron at and near the sites of precipitation 
of specularite. 


(e) An insubordinate proportion leached from the dolomite formation and 
transported to sites of deposition of iron in the banded ironstones. 
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If it is assumed that the load of manganese originally carried by the 
incoming solutions, was progressively deposited in the invaded sediments, 
then it becomes obvious that these solutions were progressively impoverished 
in manganese. At this stage of advance into the banded ironstones, the 
solutions were relatively far away from the source of the dissolved manganese. 
Conseguently, the impoverishment in manganese could not be immediately 
compensated by the infiux of reserve solutions, on account of the resistance 
exercised by the invaded rocks which were completely saturated with respect 
to the incoming solutions. On the other hand, any deficiency of iron in the 
solutions may be easily compensated for, by solution of limonitic iron jrom 
the banded ironstones. Deposition of iron, in the form of specularite would, 
therefore, powerfully overshadow that of manganese, since the solutions were 
actually operating within an iron-rich body in which limonitic iron was easily 
procurable. It appears that the solutions were always in a state of super- 
saturation with respect to iron, with the result that iron was constantly 
precipitated as specularite. 

The experimental fact that a solution is capable of dissolving silica in 
preference to iron, is intended to explain the leaching of silica from the iron 
protore, a process which seems to have been the immediate pre-reduisite to 
the precipitation of the specularite phase. In these solution cavities as well 
as in those spaces formed by reason of structural deformation, the specular 
hematite was precipitated as such. It seems reasonable to presume that this 
precipitation was accomplished by virtue of a slight decrease of temperature 
as the solutions advanced into colder regions as well as acduiring oxygen in 
their progress upwards. Resorption of deposited specularite crystals, and the 
pre-existing ore minerals, did not take place on account of the fact that: 


(a) The newly-formed specularite was a stable phase under the existing 
conditions. 


(b) The jincoming solutions were always in a state of saturation with 
respect to iron, since limonitic iron was easily procurable. 


It may, therefore, be visualised that the precipitation of specularite was 
steady and continuous and that the process of enrichment in iron steadily 
progressed upwards. 'The temperature gradient appears to have been 
concomitantly raised, pari-passu, with mineralisation in those particular zones. 
This raising of the temperature gradient did not materially affect the already 
existent ore masses lower down by reason of (a) and (b) as stated above. 
The process of mineralisation finally ceased to operate when the circulation 
of the mineralising solutions was frustrated. 

Tt is not clear, according to de Villiers, in which relation the magnetite 
stands to the hematite. 'This relation, as described on page 149, has a very 
important significance regarding the genesis of the ore bodies. De Villiers 
postulates that “the Thabazimbi deposits may be genetically connected with 
the Bushveld TIgneous Complex.” 'This assertion fnds agreement with the 
present writer's view in so far that the Bushveld igneous activity may be looked 
upon: 


(a) As an entity which supplied part of the necessary heat for mineralisation 
of iron. 


(b) As a medium which elevated the temperature gradient of the earth, 
to a marked extent. 
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The available evidence does not warrant the assertion that the Bushveld 
Igneous activity was the direct source of the mineralising solutions. 'The 
relation of the magnetite with respect to the later iron ore minerals, especially 
in the case of the banded ironstones, clearly indicates the effect which was 
@xercised by the Bushveld Iegneous intrusion on the banded ironstone formation 
as an entity. In addition, it can be safely asserted that the period of 
mineralisation, is contemporaneous with or posterior to the period of structural 
deformation of the strata associated with the iron ores. 'This view is strongly 
Supported by incontrovertible microscopic and field evidence. Tt is clear that 
a considerable long period lapsed between the time of Bushveld intrusion and 
that of structural deformation which was accomplished during post-Waterberg 
and pre-Middle-Karroo time. '1t is, therefore, evident that the role played 
by the Bushveld Igneous Complex during ferruginisation was definitely of an 
indirect nature. 
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SUMMARY AND CONCLUSIONS 


The area under consideration shows a varied and strongly differentiated 
display of physical features and the present drainage pattern is 
Superimposed on the landscape. 

(2) The varied physical features are clearly sedguential to the underlying 
geological formations, viz. the Transvaal System ranging from the 
Dolomite Series to the Daspoort sediments, the Waterberg sandstones 
and conglomerates, and the Bushveld felsite and granite. 

(3) 'The Transvaal System sediments are folded in places and are sectioned 
by several thrust-faults, viz. the major Gatkop-thrust, the Southern 
thrust and the intermediate thrusts. 'The dip-angle of the Gatkop 
Thrust-plane is much lower than that of the minor thrusts. 

(4) The Transvaal System sediments acted as a weak prism during the 

period of deformation. 'The prism at first moved along the major 

Gatkop Thrust-plane of low dip. ËExcessive frictional resistance then 

caused the breaking up of the mobile prism and consedguently gave 

rise to minor thrusts. 

Chemical precipitation of the silica and iron hydrosols resulted in 

the deposition of the banded ironstone formation. 'The metamorphism 

exercised by the Bushveld lIgneous intrusion on the ironstones is 
manifested in the presence of euhedral magnetite crystals. 


(6) The banded ironstones contain lenses of high-grade iron ore, which 
are constituted of the following iron-ore minerals: magnetite, early 
and late hematite specularite, early and late limonite and martite. 

Ascending solutions, which emanated from the dolomite, concentrated 
the iron in the banded ironstones. 'The circulation of these solutions 
into the ironstones was initiated and facilitated by the process of 
structural deformation. 'The solutions leached the silica from the iron 
protore and deposited iron as specularite. The deposited iron was 
derived mainly from the limonitic iron harboured in the ironstones. 
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